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Abstract 
Optical polarization is sensitive to morphological, structural and compositional changes of tissue and 
has attracted much interest as a tool in tissue sensing and characterisation. The fusion of polarisation 
imaging techniques and medical endoscopy resulting in polarisation resolved endoscopy is one of the 
most significant steps to translate the technique from an optical laboratory to clinic so as to benefit the 
whole spectrum of endoscopic investigations and intra-operative guidance in situ during minimally 
invasive surgery. The work in this thesis focuses on the proof-of-concept studies concerning the 
development of polarisation resolved endoscopy. In particular, polarised light scattering spectral 
imaging, 3×3 and 4×4 Mueller polarimetric imaging are successfully integrated to a rigid endoscope 
with accompanying validation experiments performed. The results have shown that polarisation 
resolved endoscopy based on light scattering spectroscopy and Mueller polarimetry is feasible to 
implement and has great potential to become a powerful tool for tissue imaging and characterisation. 
III 
 
 
 
 
 
 
 
To Mum, Dad and Yufei
IV 
 
Table of Contents 
 
Declaration of Originality ........................................................................................................................ I 
Abstract .................................................................................................................................................. II 
Table of Contents .................................................................................................................................. IV 
List of Figures ......................................................................................................................................... 1 
List of Tables .......................................................................................................................................... 6 
Journal Publications ................................................................................................................................ 7 
Conference Publications and Presentations ............................................................................................ 8 
Abbreviations .......................................................................................................................................... 9 
Chapter 1 Introduction .......................................................................................................................... 10 
1.1 Cancer: a global health challenge ............................................................................................... 10 
1.2 The pivotal role of endoscopy in cancer diagnosis and treatment .............................................. 11 
1.3 Biophotonic techniques ............................................................................................................... 12 
1.4 Polarisation resolved endoscopy ................................................................................................. 14 
1.5 Overview of the thesis ................................................................................................................ 15 
1.6 Reference .................................................................................................................................... 18 
Chapter 2 Polarisation and Endoscopy ................................................................................................. 19 
2.1 Introduction ................................................................................................................................. 19 
2.2 Polarised light and Stokes parameters ........................................................................................ 19 
2.3 Polarisation properties of matter and Mueller calculus ............................................................... 24 
2.4 Fundamental polarisation properties of matter ........................................................................... 25 
2.4.1 Diattenuation ........................................................................................................................ 25 
2.4.2 Retardance ............................................................................................................................ 27 
2.4.3 Depolarisation ...................................................................................................................... 28 
2.4.4 Polarisance ........................................................................................................................... 29 
2.4.5 Interpretation of Mueller matrices based on polar decomposition ....................................... 30 
2.5 Measurement of polarisation: System setup, optimisation and calibration ................................. 32 
2.5.1 Polarimetric imaging ............................................................................................................ 32 
2.5.2 A general configuration of a polarimetric imaging system .................................................. 32 
2.5.3 Polarimetric system optimisation ......................................................................................... 35 
2.5.4 Polarimetric system calibration ............................................................................................ 36 
2.5.5 The configurations of the PSG and the PSA of polarimetric systems: a short review ......... 39 
V 
 
2.6 Fundamental interactions between polarised light and tissue ..................................................... 40 
2.6.1 Specular reflection and refraction ........................................................................................ 41 
2.6.2 Absorption ............................................................................................................................ 42 
2.6.3 Elastic Scattering and tissue depolarisation ......................................................................... 43 
2.6.4 Tissue diattenuation and retardance ..................................................................................... 47 
2.7 Application of polarisation for tissue sensing and imaging ........................................................ 48 
2.7.1 Polarisation as a gating technique ........................................................................................ 48 
2.7.2 Mueller Polarimetric imaging .............................................................................................. 51 
2.8 Introduction of medical endoscopes ........................................................................................... 52 
2.9 Polarisation property of rigid endoscopes ................................................................................... 55 
2.10 References ................................................................................................................................. 57 
Chapter 3 Polarized Light Scattering Spectral Endoscopy ................................................................... 66 
3.1 Introduction ................................................................................................................................. 66 
3.2 Feasibility analysis ...................................................................................................................... 67 
3.3 Experimental setup ...................................................................................................................... 68 
3.4 Modelling the endoscopic multispectral signal ........................................................................... 71 
3.5 Sample preparation ..................................................................................................................... 75 
3.6 System validation with known size mono-disperse polystyrene microspheres .......................... 76 
3.7 Image reconstruction ................................................................................................................... 78 
3.8 Preliminary cell experiment ........................................................................................................ 81 
3.9 Summary ..................................................................................................................................... 83 
3.10 Reference .................................................................................................................................. 84 
Chapter 4 3×3 Mueller Polarimetric Endoscopy ................................................................................... 86 
4.1 Introduction of 3×3 Mueller polarimetry .................................................................................... 86 
4.2 3×3 Mueller calculus and 3×3 Mueller polarimetric system optimisation ................................. 87 
4.3 Polar decomposition of the 3×3 Mueller matrix ......................................................................... 90 
4.4 Setup of 3×3 Mueller polarimetric endoscopic system ............................................................... 91 
4.5 Off axis correction ...................................................................................................................... 92 
4.6 Validation experiment with a depolarising target—white paper ................................................ 94 
4.7 Validation with a standard polarising sample—linear polariser ................................................. 97 
4.8 Ex vivo rat tissue experiment .................................................................................................... 102 
4.9 Error propagation in polar decomposition of Mueller matrix ................................................... 111 
4.10 Polarisation of the light emergent from the illumination channel ........................................... 115 
4.11 Eigenvalue calibration for 3×3 Mueller polarimetric endoscopic imaging............................. 120 
VI 
 
4.12 Summary ................................................................................................................................. 122 
4.13 Appendix: Specular reflection on a flat rough surface ............................................................ 124 
4.14 References ............................................................................................................................... 127 
Chapter 5 Mueller Polarimetric Endoscopy Based around a Rotatable Sheath: a Pilot Study ........... 130 
5.1 Introduction ............................................................................................................................... 130 
5.2 The 3×3 Mueller polarimetric endoscopic system .................................................................... 131 
5.2.1 System setup ...................................................................................................................... 131 
5.2.1 Results ................................................................................................................................ 132 
5.3 4×4 Mueller polarimetric endoscope ........................................................................................ 135 
5.3.1 The polarisation properties of endoscopes ......................................................................... 136 
5.3.2 Experimental setup and validation experiments ................................................................ 142 
5.4 Summary ................................................................................................................................... 144 
5.5 Reference .................................................................................................................................. 145 
Chapter 6 Summary and Future Outlook ............................................................................................ 146 
Reference ........................................................................................................................................ 152 
Acknowledgement .............................................................................................................................. 153 
 
1 
 
List of Figures 
Figure 2.1 Polarisation ellipse. A SOP of light can be represented by the azimuth angle φ and the 
ellipticity χ of a polarisation ellipse. ..................................................................................................... 21 
Figure 2.2 The Poincare sphere defined in the S2-S3-S4 coordinate system. The blue vector represents 
the derived vector from the Stokes vector charactering a SOP. The length of this derived vector is the 
DOP. The polarisation ellipse parameters φ and χ can be directly interpreted from the azimuth and 
polar angles of the derived vector in the Poincare sphere. .................................................................... 24 
Figure 2.3 A typical configuration of a polarimetric system. .............................................................. 33 
Figure 2.4 Single-scattering induced diattenuation (a, c) and linear retardance (b, d) of polystyrene 
microspheres change with the diameter of particle and scattering angle at 546nm were simulated. The 
horizontal axes denote the diameter of microspheres with a range of 0.01-10um, and vertical axes 
represent the scattering angle from 0° to 180°. ..................................................................................... 45 
Figure 2.5 A summary of the information conveyed by the polarisation properties of tissue. ............ 47 
Figure 2.6 The measured Mueller matrix images for the Karl Storz laparoscopes with normal crystal 
windows in (a) and with customised fused silica windows in (b). Each elemental image shows one 
element of the matrix across the whole field of view. .......................................................................... 56 
Figure 3.1 Experimental setup for polarised scattering spectral endoscopy ........................................ 69 
Figure 3.2. (a) sketch of collection geometry of a rigid endoscope. A collection solid angle Ω is 
defined by the entrance pupil and working distance.  The scattered light rays within this solid angle 
are collected. θb in this figure is the supplementary angle of θ. (b) the blue polar plot is the angular 
scattering intensity distribution of 5 µm polystyrene microsphere at 532nm. If several peaks and 
troughs are collected by the endoscope, the eventual signal suffers from a reduction in modulation 
caused by the integration over the collection solid angle. (c) lab reference coordinate system used for 
modelling the scattering process. (d) Sketch of the substitution of the world coordinate system for θ 
and φ. xobj, yobj, xcoll and ycoll were substituted for θ and φ based on analytic geometry. The plane of 
scattering is plotted as the red triangle. (xobj, yobj, 0) refers to the position of a scatterer on the sample 
plane within the system FOV, and (xcoll, ycoll, z0) indicates the position of a point inside the entrance 
pupil S. φ0 is 90
o
, and thus the polarization direction is parallel to x. The angle between the plane of 
scattering and the y-z plane φ’ can be derived first. φ is the angle between the polarization direction 
and the scattering plane. φ is derived according to the relationship φ=φ0-φ’. In the figure, with φ0=90°, 
φ and φ’ are complementary angles. ..................................................................................................... 74 
2 
 
Figure 3.3 Scattering spectra of different sizedpolystyrene microsphere samples. (a) Experimental 
and (b) simulated spectrum of 1 µm diameter microspheres in water; (c-f) Experimental scattering 
spectrum of 0.5 µm, 2 µm, 6 µm and 10 µm microspheres in water. ................................................... 77 
Figure 3.4 (a) Representative polarization and spectrally resolved images from the stack of raw 
images used to extract the scattering spectra. The upper sample contains 0.5 µm microspheres and the 
lower one contains 1 µm microspheres. The region marked by blue and green squares was used to 
generate scattering spectra in (b); (b) The scattering spectra of the 0.5 µm (blue) and 1 µm 
microspheres (green), with the spectral regions around 660nm and 540 nm used to construct the 
ratiometric images indicated by the blue rectangles; (c) The ratiometric image after intensity merging. 
The ratios for the 0.5μm and 1μm microspheres are around 2 and 1.25 respectively........................... 78 
Figure 3.5 Variation in scattering spectra of 6 µm microspheres extracted at five different 10 ×10 
pixel regions as indicated by the five red squares in the central image. ............................................... 79 
Figure 3.6 (a,b) Schematic for parallel illumination and fibre illumination respectively; (c,d) 
Scattering angle distribution for parallel illumination and fibre illumination respectively. ................. 80 
Figure 3.7 Simulated scattering spectra of 1 µm (a), 6 µm (b) at different scattering angles: 165
o
 
(red), 165
o
 (cyan), 170
o
 (blue) and 175
o
 (black) respectively. .............................................................. 81 
Figure 3.8 Photos of cell suspension recorded with a phase contrast microscope.(a) OSEC2 cell 
suspension; (b) OSEC2 cells in 20% BSA; (c) A549 cells; (d) A549 cells in 20% BSA.The 
concentration of cells in (a-d) is the same. ............................................................................................ 82 
Figure 3.9 Scattering spectra of 3 batches of (a) OSEC2 and (b) A549 cells in 20% BSA solution ... 82 
Figure 4.1 (a) The sectional view of the distal end of the endoscope. (b) The ring shape linear 
polarising film fixed on the illumination channel of the endoscope. (c) The experimental setup of the 
narrow band 3×3 Mueller polarimetric endoscope. .............................................................................. 91 
Figure 4.2 The schematic of the off rotation axis effect. ..................................................................... 93 
Figure 4.3 An example showing the correction process of the translations of the FOV ...................... 93 
Figure 4.4 (a) The 3×3 Mueller polarimetric image of white paper with its normal at 0° to the optical 
axis. m11 is obtained by (HH+HV)/2 instead of the equation in Table 2 to indicate the total radiometric 
intensity. (b) A horizontal line profile of the Mueller matrix element images. The horizontal axis in 
the graphs represents the horizontal positions of pixels. ....................................................................... 96 
Figure 4.5 (a) Experimental m22 profiles with the paper normal at 0°, 30°, 45, 60° to the optical axis. 
(b) The corresponding simulated m22 profiles. The horizontal axes represent the pixel number. In (a), 
the values on vertical axis denote m22. In (b), the values displayed on vertical axis are arbitrary 
because the equations in Appendix4.1 were derived based on direct proportionality. ......................... 97 
3 
 
Figure 4.6 (a) Experimental results of the 3×3 Mueller matrices of a rotating linear polarizer on top of 
white paper. Horizontal and vertical axes in the figure denote the polarisation angle of the linear 
polarizer target and averaged Mueller matrix element values respectively. (b) Simulated results of a 
rotating linear polarizer on the top of the white paper. (c) The Mueller matrix polarimetric images 
with the polarizer transmission axis approximately parallel and (d) perpendicular to the system H axis.
 ............................................................................................................................................................ 101 
Figure 4.7 (a) Region 1; (b) Region 2; (c) Region 3 of the rat abdomen including small bowel (red 
arrows), large bowel (green arrows), stomach (purple arrows), liver (white arrows) and fat (blue 
arrows). ............................................................................................................................................... 103 
Figure 4.8 (a) A typical raw image with specular highlights is represented by the HH image of 
Region 2. (b) The specular regions are detected and dilated, and are indicated by the region enclosed 
by blue lines. (c) The inpainted images after local median filtering. (d) The reconstructed 
depolarisation images based on the raw images with specular highlights. (e) The reconstructed 
depolarisation images after the specular highlights removed. ............................................................ 103 
Figure 4.9 Mueller polarimetric images of Region 1 (a, b), Region 2 (c, d) 546nm and Region 3 (e, f) 
at 546nm(a,c,e) and 628nm (b, d, f). ................................................................................................... 105 
Figure 4.10 The images in the first column are the raw HV images for reference with small bowel 
(red arrows), large bowel (green arrows), stomach (purple arrows), liver (white arrows) and fat (blue 
arrows) indicated. The second, third and fourth columns are depolarization images with 546 nm 
illumination, depolarization images with 628 nm illumination and depolarization ratiometric images 
(628 nm/546 nm) respectively. (a-d) are the images for Region 1. A region of interest is indicated by a 
red box in (a), magnified and presented in (e-h), the left and right part of which is small bowel and fat 
respectively. (i-l) are the images for Region 2. (m-q) are the images for Region 3. ........................... 106 
Figure 4.11 The images in the first column are raw images with small bowel (red arrows), large 
bowel (green arrows), stomach (purple arrows), liver (white arrows) and fat (blue arrows) indicated. 
The second, third and fourth column are depolarization images with 546 nm illumination, retardance 
images with 628 nm illumination and depolarization ratiometric images (628 nm/546 nm) respectively. 
(a-d) are the images for Region 1. (e-h) are zoomed images of a region of interest in (a) indicated by a 
red box, the left and right part of which is small bowel and fat respectively. (i-l) are the images for 
Region 2. (m-q) are the images for Region 3. ..................................................................................... 110 
Figure 4.12 The level of the error propagating into the retardance matrix is inverse proportional to the 
polarisation maintaining power. .......................................................................................................... 115 
4 
 
Figure 4.13 A sketch to characterise how the divergent polarised light from a fibre interact with a 
sheet linear polariser. The fibre was equivalent to an objective lens converging collimated light to the 
distal end of the fibre. The arrow on the sheet linear polariser indicates its polarisation axis. ........... 116 
Figure 4.14 Simulated Jones vector (a, c) and the light intensity (b, d) maps when the fibre is 
illuminating an area of 2.5×2.5cm
2
 with the working distance of the endoscope 5cm. (a, b) and (c, d) 
were obtained with incident light horizontally and vertically polarised respectively. ........................ 119 
Figure 4.15 Specular reflection induced by a spot light source on a rough surface. .......................... 124 
Figure 4.16 Specular reflection analysis. Two green spots denotes the end of illumination fibres 
symmetrical to the centre of entrance pupil of the laparoscope. The separation between the centre of 
entrance pupil is measured as 3.5 mm. The working distance of the endoscope is set as 40 mm. ..... 125 
Figure 5.1 (a) View of the distal end of a Karl Storz laparoscope. (b) Ring shaped linear polarising 
film attached to the sheath. (c) System setup of the upgraded 3×3 Mueller polarimetric endoscope. 132 
Figure 5.2 Mueller polarimetric images of a linear polariser on the top of white paper orientated 0° to 
-45° and 90° to the reference axis of the system. Their theoretical values are displayed above the 
figures. ................................................................................................................................................ 132 
Figure 5.3 The images in the first column are raw images of the rat abdomen. The second and third 
columns are images with 546 nm and 628 nm illumination respectively. (b,c) are the depolarisation 
images. The scale bar represents depolarisation maintaining degree. (e,f) are the retardance images. 
(h,i) are the diattenation images. ......................................................................................................... 133 
Figure 5.4 Porcine stomach (a) photo from a normal RGB camera. (b) Depolarisation image at 546 
nm. (c) Depolarisation image at 628 nm. ............................................................................................ 134 
Figure 5.5 System setup used to calibrate the PSA for 4×4 Mueller polarimetry. The unpolarised light 
from the source passes through a linear polariser driven by a precision rotation mount. ................... 136 
Figure 5.6 The transmissions of the 0°(a), 45°(b), 90°(c), -45°(d) linear polarisers, and left (e) and 
right (f) circularly polarised elements of the PSA during rotation of the linear polariser with the 
motorised stage. The horizontal axes are the readings from the rotation stage representing the 
orientations of the linear polarizer in radiance. The red stars and the blue lines are the recorded 
transmission and the fitting curves respectively. ................................................................................ 137 
Figure 5.7 The measured Mueller polarimetric images of the customised endoscope(a), and the 
normal Karl Storz (b). ......................................................................................................................... 138 
Figure 5.8 The simulated Mueller polarimetric images of a sapphire crystal. The optical axis of the 
crystal is parallel to the optical axis of the optical system in (a, b, c), and is perpendicular in (d, e, f). 
The order numbers are 0 in (a, d), 1 in (b, e) and 5 in (c, f) respectively. .......................................... 140 
5 
 
Figure 5.9 The simulated Mueller matrix of the customised endoscope (in red) and the normal Karl 
Storz endoscope(in blue) varying with the orientation angles (0-180°) along the long axis of the 
endoscope. ........................................................................................................................................... 140 
Figure 5.10 (a) The sectional view of the distal end of the endoscope. (b) A ring shaped quarter 
retarding film attached to the rotatable sheath as the rotating retarder. A ring shaped linear polarising 
film attached on the illumination channel of the endoscope as the fixed polariser. A PSG in the mode 
of FPRR was constructed. (c) System setup of 4×4 Mueller polarimetric endoscopic imaging. ........ 143 
Figure 5.11 The obtained Mueller polarimetric images of the 0°(a), 45°(b) and 90°(c) linear polariser 
target on the top of white paper. Their theoretical Mueller matrices are displayed above the images.
 ............................................................................................................................................................ 143 
  
6 
 
List of Tables 
Table 4.1 The Solution of Eq. 4.3. The first and the second letters of the double-letter terms stand for 
the state of the PSG and PSA respectively. F
+
 and F
– 
are both replaced by F for convenience. F 
always refers to F
+
 in the first letter position and F
–
 in the second letter position. .............................. 89 
Table 4.2 Mueller Matrix reconstruction for non-diattenuated samples. .............................................. 94 
Table 4.3 Acceptance angles for several typical commercial phase retarders .................................... 120 
Table 5.1 The calibration results for the PSA of the free space Muller polarimeter........................... 137 
Table 5.2 A summary of polarization properties of two measured endoscopes ................................. 139 
 
  
7 
 
Journal Publications 
J. Qi, M. Ye, M. Singh, N. Clancy, D. Elson, ―Narrow band 3×3 Mueller polarimetric endoscopy‖, 
Biomedical Optics Express, Vol. 4, Issue 11, pp. 2433-2449 (2013). 
J. Qi, C. Barriere, T. Wood, D. Elson, ―Polarized Multispectral Imaging in a Rigid Endoscope based 
on Elastic Light Scattering Spectroscopy‖, Biomedical Optics Express, Vol. 3, Issue 9, pp. 2087-2099 
(2012). 
N. Clancy, S. Arya, Ji. Qi, D. Stoyanov, G. Hanna and D. Elson, ―Polarised Stereo Endoscope and 
Narrowband Detection for Minimal Access Surgery‖, Biomedical Optics Express, in review. 
Parts of the results shown in Chapter 3 and 4 are reproduced from the first and second papers above. The 
reproduction has been agreed by the copyright holder the OSA. 
 
  
8 
 
 
Conference Publications and Presentations 
Ji Qi, M. Singh, D. Elson, ―Endoscopic 3x3 and 4x4 Mueller matrix polarimetric tissue imaging 
systems‖, SPIE Photonics West BIOS, San Francisco, 2014. 
Ji Qi, M. Singh, N. Clancy, D. Elson, ―Mueller Polarimetric Endoscopy‖, CLEO: Applications and 
Technology, San Jose, 2014 
Ji Qi, M. Singh, D. Elson, ―A multispectral 3×3 Mueller polarimetric imaging system in a rigid 
endoscope‖, European Conference on Biomedical Optics (ECBO), Munich, 2013. 
Ji Qi, C Barriere, D S Elson, ―Polarized Multispectral Endoscopy based on Polarized Light Scattering 
Spectroscopy‖, Biomedical Optics, OSA, Miami, 2012. 
C. Barriere, Ji Qi, P. Beatriz Garcia-Allende, R. Newton, D. Elson, ―Multifunctional gold nanorods 
for image-guided surgery and photothermal therapy‖, Proc. SPIE 8234, Plasmonics in Biology and 
Medicine IX, 82340Z (2012). 
P. García-Allende, C. Barriere, V. Sauvage, Ji Qi, D. Elson, ―Method to determine optimal 
illumination wavelengths for gold nanoparticle detection in tissue using reflectance spectroscopy‖, 
Proc. SPIE 8087, Clinical and Biomedical Spectroscopy and Imaging II, 80872L (2011). 
  
9 
 
Abbreviations 
X-ray Computed Tomography (X-CT) 
Magnetic Resonance Imaging (MRI)  
Positron Emission Tomography scans (PET) 
Minimally invasive surgery (MIS) 
Electro-Magnetic (EM) 
Optical coherence tomography (OCT) 
Field of view (FOV) 
Three-dimensional (3-D) 
Charge-coupled device (CCD)  
Complementary metal-oxide-semiconductor 
(CMOS) 
Light emitting diodes (LED) 
Polarised light scattering spectroscopy (LSS) 
State of polarisation (SOP) 
Degree of polarisation (DOP) 
Degree of linear polarisation (DOLP) 
Degree of circular polarisation (DOCP) 
Polarisation state generators (PSG) 
Polarisation state analysers (PSA) 
Eigenvalue calibration method (ECM) 
Photo-elastic modulators (PEM) 
Discrete Dipole Approximation (DDA) 
Gradient-index (GRIN) 
Field of view (FOV) 
Single-scattering spectrum (SSS) 
Acousto-optic tuneable filter (AOTF) 
Bovine Serum Albumin (BSA) 
Optical thickness (OT) 
Field of Illumination (FOI) 
Fixed polariser and rotating retarder (FPRR) 
Optical path length difference (OPL) 
 
10 
 
Chapter 1  
Introduction 
1.1 Cancer: a global health challenge 
The threat from cancer knows no borders. Cancer is one of the leading causes of death in the 
world that accounts for 12.6% of all deaths [1]. It maintains high morbidity and mortality for humans 
globally. In the United States, one in two men and one in three women will develop cancer in their 
lifetime [2]. In China, cancer is also recognised as a major killer leading to 25% of all deaths in urban 
areas and 21% in rural areas [3, 4]. Nearly half of people suffering from invasive cancer are estimated 
to die from it or its treatment, and the survival rates are even worse in economically developing 
countries [5]. The financial burdens of cancer are huge for patients and society as a whole. According 
to an estimate from the National Institutes of Health, the 2009 overall annual costs of cancer in the US 
were up to US$216.6 billion that contains 86.6 billion direct medical costs (total of all health 
expenditures) and 130 billion indirect mortality costs (lost productivity due to premature death) [6]. 
This means the share of the economical loss by cancer amounted to 1.6% of the US GDP in the year 
of 2009. The risk of cancer is known to rise significantly with age. The healthcare cost will soar due 
to the aging effect in most developed countries, and the situations could be even worse in some 
emerging market countries represented by China. Cancer will have an increasingly deeper impact on 
human life and living in the near future. 
Many sectors of society have been making persistent exploration and great efforts on the 
reduction of cancer morbidity and mortality. The former has potential to decrease dramatically by 
raising public health campaigns promoting tobacco control, healthier dietary intake and reasonable 
vaccination (for liver and cervical cancers). The alleviation and elimination of suffering, the reduction 
of mortality and the reduction of financial costs caused by cancer rely on the research, development 
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and popularization of inexpensive cancer diagnosis and treatment technology, especially those for 
early detection and treatment. 
1.2 The pivotal role of endoscopy in cancer diagnosis and treatment 
Intense scientific and engineering efforts have been made to understand the mechanism of the 
disease, to invent pertinent diagnostic instruments, and to develop therapeutic technology over the 
past decades. In terms of cancer diagnosis, although there are several blood and body fluid tests 
available for cancer by monitoring characteristic molecules such as sugars, fats, proteins and DNA [7]. 
They are unfortunately only available for a very limited number of cancer types, and are not accurate 
indicators for treatment decisions. For example, prostate specific antigen in the human blood stream 
for prostate cancer diagnosis. They are therefore often used as a monitoring method for diagnosed 
patients due to the low sensitivity. Clinical medical imaging systems which enable clinicians to have 
an insight into the internal structures of the body play a critical role in diagnosing and monitoring the 
majority of cancer types at all stages. The widespread imaging modalities include X-ray photography, 
X-ray Computed Tomography (X-CT), Magnetic Resonance Imaging (MRI), ultrasound, and Positron 
Emission Tomography (PET). These milestone techniques revolutionised the diagnostic procedures in 
healthcare. However, they are only sufficient for gross interrogation, and are usually followed by an 
invasive procedure sampling a series of small pieces of tissues from suspicious regions locating and 
staging malignant or pre-malignant tissues via pathological examination in vitro for comprehensive 
diagnosis, known as biopsy. The current practice of biopsy is mostly internally guided by ultrasound 
or white light endoscopy [8] which is a wide field optical imaging procedure with a medical 
endoscope using white light illuminating tissue and cameras or human eyes detecting the reflectance 
signal to identify suspicious regions in real time together with pre-biopsy medical imaging. The white 
light endoscopy guided biopsy was reported to cause the possibility of sampling errors and lack of 
objective quantitative information resulting in considerable intra-observer and inter-observer 
variability [9]. The invasive nature also entails risk and discomfort to patients. The entire diagnosis 
process is time and money consuming, and requires experienced human resources and expensive 
histopathology infrastructures.  
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In terms of cancer treatment, the most common therapies include surgical intervention, 
radiotherapy, and chemotherapy. They are used collaboratively or separately depending on the stage 
of the cancer and the condition of the patient. Surgery is a primary cure for cancer, especially for 
those not spreading inside the body, and is also a significant method to palliate symptoms, to prolong 
survival for patients when cancer has spread, and to reduce the risk of cancer for the high risk groups. 
For instance, women suffering from a particularly high risk of breast cancer may choose to have their 
breasts removed via surgery. 
Traditional surgery requires a large incision to access the area of interest leading to physical pain 
as well as mental suffering. It cannot be implemented or is highly risky for certain groups of people 
like the old aged and infants. Less traumatic minimally invasive surgery (MIS) performed through 
small incisions opens a window to vastly alleviate pain and suffering, significantly shorten the 
hospital stay and recuperation time for patients, facilitate surgical procedures and minimise risk 
during and after the surgery. As a result, MIS improves health care efficiency, enhances the quality of 
care provided, and reduces overall expense. Such surgery would be inconceivable without the 
invention and development of medical endoscopes. However, the issues caused by the limited 
visualising power of white light endoscopy still exist in the endoscopic surgery, such as pre-cancer 
identification, tumour recognition and surgical margin identification, and these become more difficult 
to cope with in minimally invasive scenarios than that in open surgical ones in terms of endoscopic 
system miniaturisation.  
1.3 Biophotonic techniques 
As indicated above, traditional endoscopy plays a pivotal role in both cancer diagnosis and 
treatment, but there are a host of inefficiencies limiting the better use of it. There is strong demand for 
improvements to visualise and evaluate early cancerous and cancerous lesions for the traditional 
endoscopy. With theoretical advances in biomedical optics and the technological progress of photonic 
devices, the demand has stimulated the booming development of several emerging bio-photonic 
techniques for tissue sensing and characterization. 
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The image contrast arises from sensing fundamental interactions between photons and tissue, 
inclusive of absorption, elastic and inelastic scattering, intrinsic birefringence and diattenuation of 
tissue, fluorescence, bioluminescence and nonlinear optical effects, etc. In essence, the metrics of 
those interactions are obtained based on the fundamental properties of light that is an Electro-
Magnetic (EM) wave, namely, the amplitude, polarization, wavelength (frequency), phase, 
propagation direction, wave velocity and coherence. Humans only possess the basic ability of 
photometric vision mainly related to the amplitude of light in the range of wavelength 400-700 nm 
(known as the visible range of light) with limited sensitivity, as well as the blue, green and red color 
vision related to basic wavelength perception. More advanced biophotonic methods enable us to sense 
the radiant flux of light with better optical energy sensitivity, broader dynamic range and a larger 
scope of EM spectrum so as to obtain the spectrum with finer wavelength resolution via spectroscopy, 
(multi-/hyper-)spectral imaging, as well as to resolve polarization through polarization sensing or 
imaging, to probe the phase, wave velocity, and coherence through interferometry, laser speckle, 
optical coherence tomography (OCT), polarization sensing etc. Thereby, biophotonic methods are 
powerful tools to comprehensively interrogate light-tissue interactions and to provide abundant 
information about tissue. Additionally, a wide range of magnification can be chosen by using various 
optical systems for macroscopic or microscopic scale observations. The image quality is generally 
much higher than ultrasound imaging and MRI. Three dimensional (3-D) topological perception also 
known as depth perception can be achieved through binocular vision, time of flight measurement or 
structured lighting [10].  
Moreover, normally contact with and destruction to the investigated objects are not necessary for 
most biophotonic techniques, and the issues with ionizing irradiation are also avoided, which makes 
biophotonic techniques safer and at the same time easier to obtain regulatory authorization. Thanks to 
the rapid development and volume production of the electronic and photonic industries, the cost of 
photonic components, especially those working in the visible and near infrared ranges such as light 
sensors including charge-coupled devices (CCD) and complementary metal–oxide–semiconductor 
(CMOS) imaging sensors, light sources like light emitting diodes (LED) and some lamps, lenses, 
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polarization components including liquid crystals, Polaroid polarisers, polymer wave-plates etc, is 
fairly low and continues dropping steadily, and they can be easily found in popular consumable 
electronics and photonics like smart phones, liquid crystal displays, 3-D glasses, etc. Photonic devices 
are relatively easy to integrate with surgical technology, and many of them have potential to be 
adapted to endoscopic environments through elaborate design or meticulous miniaturization. 
Therefore, biophotonic systems can be significantly more economical than CT and MRI, and are 
highly promising to be compatible with current endoscopes for tissue characterization and 
surveillance to reduce the randomness during biopsy or even to replace biopsy in the long term after 
having done sufficient validation and trials. 
1.4 Polarisation resolved endoscopy 
Humans only make use of the perception of radiant flux and wavelength of light to implement 
basic colour vision. State-of-the-art medical imaging has elegantly broadened our horizon and allowed 
us to observe tissue from new perspectives with ideas based on various image contrast mechanisms. 
X-ray related medical imaging modalities including X-ray photography and X-ray CT detect tissue 
absorption of ionizing radiation. MRI senses the state of hydrogen nuclei in the body. Ultrasound 
scans probe the amplitude or frequency of reflected sound waves during the interaction with tissue. 
Light spectroscopic methods, including spectroscopy and spectral imaging allow us to investigate and 
utilise the wavelength related effects like diffuse reflectance, fluorescence and Raman scattering. A 
series of interferometric methods take advantage of the coherence and phase of light to provide 
assistance analyzing scattering in tissue.   
Mankind spent a long time to discover and understand polarisation as a fundamental property of 
light waves, since human eyes are generally blind to polarisation. In the biosphere, a rough perception 
of linear polarization can be found in a large number of invertebrates, such as a series of insects like 
bees, ants, crickets, locusts, etc. [11], and aquatic creatures like octopus, shrimps, etc. [12]. The 
polarisation is utilised by them as a compass for navigation, and a tool for signals and contrast 
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enhancement [12], as well as camouflage-breaking, object recognition, and ―encrypted‖ signal 
detection from vertebrate predators and discrimination during mating [13].  
Currently, polarisation sensing has already turned out to be highly useful in remote sensing, target 
detection and astronomy [14]. The biomedical application of polarization is extremely promising for 
improving the image quality and revealing additional information that cannot be resolved by other 
medical imaging modalities. The visualisation of polarisation could be of significance to enhance 
image guidance in tissue diagnosis and characterisation. The work in this thesis concerns the question 
of how to implement polarization imaging in a medical endoscope with minimal alteration. This will 
significantly reduce the cost in terms of optical system design and manufacturing, simplifying the 
approval procedures from governing agencies, increasing clinicians’ willingness for adoption and 
improve the learning curve. In particular, the work in this thesis will focus on rigid endoscopy 
represented by laparoscopy, which is widely used to inspect and diagnose conditions or perform MIS 
mostly in the abdomen or pelvis through small incisions. The prototype endoscopic systems could 
potentially be employed for better tissue visualisation and benefit the whole spectrum of endoscopic 
investigations and intra-operative guidance in situ. It is noted that the medical applications of 
polarisation endoscopy are not limited to cancer diagnosis and treatment, but are highly promising in 
many conditions such as ischemia and necrosis monitoring in situ during transplanting surgery. 
1.5 Overview of the thesis 
This thesis concerns the question of how to combine polarisation techniques, especially polarised 
light scattering spectroscopy and Mueller polarimetry with medical endoscopy represented by 
laparoscopy for tissue sensing and characterisation. 
Chapter 2 is the main introduction to the technical work in the thesis, and outlines the concepts 
and the mathematical characterisation of polarisation with an emphasis on the Stokes-Mueller 
formulism. The polarimetric imaging system design, optimisation and calibration are introduced. 
Several primary types of interactions between polarised light and tissue as well as the biomedical 
applications of polarisation techniques, the polarisation gating and the Muller polarimetric imaging in 
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particular are reviewed. A general introduction of medical endoscopes is given along with a review of 
the previous investigation on the polarisation properties of the imaging channel of two rigid 
endoscopes. 
Polarisation is able to serve as a gating technique to decouple single-scattering spectra of 
particular interest from multiple-scattering spectra. The single-scattering spectra convey the 
information regarding the sizes of cell nuclei and other organelles which are the major scattering 
particles in tissue. The technique is known as elastic light scattering spectroscopy or polarised light 
scattering spectroscopy (LSS). LSS is essentially a point probing technique, and few optical imaging 
systems, especially endoscopic imaging systems can implement LSS. Chapter 3 describes the 
construction of a polarisation endoscopic imaging system that can be used to detect light scattering 
spectra of tissue. The system was validated with different sized mono-disperse polystyrene 
microspheres. A preliminary experiment was conducted to demonstrate its capability to discriminate 
different types of cells. A fibre illumination system was proposed for reducing the field of view (FOV) 
dependent change in scattering signal. 
Mueller polarimetry is recognised as a promising technique for tissue sensing and 
characterisation, but this free space technique has not been translated to an endoscopic imaging 
system, which impedes its further development. Chapter 4 presents a 3×3 Mueller polarimetric 
endoscopic imaging system which measures the top left 3×3 sub-matrix of a complete 4×4 Mueller 
matrix. The prototype was set up and validated. Initial results in an ex vivo animal trial show that the 
system can distinguish different tissues based on their composition and structure. The error 
propagation when interpreting a Mueller matrix based on polar decomposition was deduced. The 
optimisation and calibration of the system were also discussed in Chapter 4. The work in Chapter 5 
improves the 3×3 Mueller polarimetric endoscopic imaging system in Chapter 4 by using a rotatable 
rigid endoscopic sheath, and extends works to complete 4×4 Mueller polarimetric endoscopic imaging 
based on the same configuration. It is also proposed that some commercial rigid endoscopes are 
suitable for polarimetric imaging without customisation. 
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Chapter 6 summarises the thesis and provides an outlook for future work with an emphasis on 
Mueller polarimetric endoscopy. 
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Chapter 2  
Polarisation and Endoscopy 
2.1 Introduction 
As the main introduction to the technical work in the thesis, this chapter introduces the 
background theory of optical polarisation resolved endoscopy in four aspects: concepts of 
polarisation, measurement of polarisation, polarisation-related properties of tissue, and endoscope 
optics. Section 2.2 and Section 2.3 outline the concepts and the mathematical characterisation of 
polarisation with an emphasis on the Stokes-Mueller formulism, followed with an introduction of 
fundamental polarisation properties of matter and the methods to interpret them from a Mueller matrix 
in Section 2.4. The design, optimisation and calibration of a polarimetric imaging system are then 
reviewed. Several primary types of interactions between polarised light and tissue as well as the 
biomedical applications of polarisation techniques, polarisation gating and Muller polarimetric 
imaging in particular are introduced in Section 2.6 and Section 2.7. A general introduction of medical 
endoscopes is given along with a review of the previous investigation on the polarisation properties of 
the imaging channel of two rigid endoscopes in the last two sections. 
2.2 Polarised light and Stokes parameters 
The primary intention of the word ―polarisation‖ is used to describe a fundamental property of a 
wave and characterises the oscillation states of disturbance in the wave. For instance, the disturbance 
of a plane time-harmonic transverse wave may either be along a single direction or may rotate 
periodically at the wave frequency, known as a linear polarization state and circular/elliptical 
polarization state respectively. Conventionally, polarisation may also refer to an overall average state 
of polarisation (SOP) of multiple waves, or polarisation properties characterising the transformation 
of SOPs. 
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The polarisation of light was gradually discovered and understood during investigation of the 
wave nature of light. The framework for polarisation optics was built by the English physicist Thomas 
Young and the French physicists Etienne-Louis Malus and Augustin-Jean Fresnel by investigating 
birefringence in calcite crystals. Fresnel developed wave equations to characterise optical disturbance, 
and successfully explained birefringence and a number of other optical effects in the nineteenth 
century. In the nineteenth century, Scottish physicist James Clerk Maxwell brilliantly indicated light 
is a propagating wave of electric and magnetic fields and established the Maxwell’s equations 
revealing the polarisation nature of light. [1] 
When a light wave propagates in a homogeneous medium in regions free of currents and charges, 
Maxwell’s equations of the electric field vector1 E and the magnetic field vector B reduce to standard 
equations of wave motion that Fresnel derived  
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where v and t denote the propagation speed and the time variable of the light wave. The oscillation 
state of the electric field vector E is conventionally used to represent the polarisation state of light and 
corresponds to the optical disturbance in Fresnel’s equations. The solutions of the wave equations for 
a plane time-harmonic light wave propagating along the z axis in a Cartesian coordinate system x-y-z 
in terms of the electric field are 
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where E0x, E0y, ω, k, δx and δy stand for the amplitudes along the x and y axis, the angular frequency, 
the wave number and the phases of the two orthogonal electric fields respectively, and ex and ey are 
the unit vectors along the x and y axis. The direction of the x axis is arbitrary except being 
perpendicular to the z axis and is also expressed as ―horizontal‖ sometimes in the following contents 
                                                     
1
 All the vectors in the thesis are represented as bold and italic letters. 
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(the quoted ―horizontal‖ means it may be different from the horizontal direction in the world 
coordinate system). By factoring out the time-space propagator (ωt-kz), Eq. 2.2.2 can be expressed in 
the form of a two-element vector Ex and Ey in a vector space with its bases defined by ex and ey that is 
widely used to characterise polarized light called a Jones vector. For ease of visualization of the SOP 
of light, the projection of the end point of an electric vector onto the x-y plane over one oscillation 
period results in a line, a circle or an ellipse, which are collectively called the polarisation ellipse. The 
polarisation ellipse is another common characterisation of the polarisation. The analytical expression 
of the polarisation ellipse is derived from Eq. 2.2.2 as 
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Based on the concept of the polarisation ellipse, a SOP may be represented by the azimuth angle 
φ on the x-y plane which denotes the angle between the major semi-axis of the ellipse and the x axis, 
and the ellipticity χ that is the minor to major axis ratio of the ellipse, 
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Figure 2.1 The polarisation ellipse. The SOP of light can be represented by the azimuth angle 
φ and the ellipticity χ of the polarisation ellipse. 
However, the overwhelming majority of light sensors are based on radiometry which measures 
the average of optical energy flux density characterised by the Poynting vector of a light wave in unit 
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time referred to as irradiance or intensity with the unit Watt/m
2
, and are difficult to explicitly 
determine Jones vectors and polarisation ellipses that are defined in the amplitude and phase domain 
of the wave. Moreover, these concepts are proposed for either the SOP of an individual wave-train 
corresponding to coherent light
2
, namely, linear polarisation, circular polarisation and elliptical 
polarisation, or multiple partially coherent and incoherent wave-trains with a uniform SOP. Jones 
vectors and polarisation ellipses are unable to characterise a statistically averaged SOP per unit 
area/time of light, namely, fully polarised light, partially polarised light and unpolarised light, 
resulting from the stochastic nature of partially coherent and incoherent wave-trains in terms of the 
SOP of an individual wave-train in them. 
Four parameters developed by George Gabriel Stokes are able to solve the above issues [1]. The 
parameters can be easily determined by a set of radiometric measurements using ―horizontal‖ 
(denoting the direction of x axis, represented by Ix or IH), ―vertical‖ (the direction of y axis, 
represented by Iy, or IV), +45° (I45), -45° (I-45) linear, left (IL) and right (IR) circular polarisation 
analysers. The parameters are conventionally expressed as a four-element vector named Stokes vector 
S.  
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< > refers to time average of electric field (Poynting vector) resulting in the intensity. Stokes vectors 
are defined on the reference plane (the x-y plane), and are dependent on the orientation of the x axis of 
which the direction is arbitrarily defined except being perpendicular to the wave propagation direction 
z. The degree of polarisation (DOP), degree of linear polarisation (DOLP) and degree of circular 
polarisation (DOCP) of light are easily interpreted from its Stokes vector,  
                                                     
2
 An ideal coherent wave possesses uniform polarisation, single wavelength and infinite length. 
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The DOP is 1 for polarised light, 0 for unpolarised light, and 0-1 for partially polarised light. The 
DOP can never be more than 1 for a physically realisable Stokes vector [2]. In spite of containing four 
elements, Stokes vectors do not have four degrees of freedom due to physically realisable constraints. 
The Stokes vector can be considered as an incoherent superposition of a completely polarised and an 
unpolarised part, 
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The polarisation ellipse parameters φ and χ are usually used to characterise the polarised part of the 
Stokes vector in some occasions [2, 3], and are interpreted according to Eq. 2.2.8, 
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The SOP is also frequently displayed in/on a unitary sphere in a three dimensional coordinate 
system with the basis S2, S3 and S4 (called Poincare domain in this thesis), known as Poincare sphere 
[4]. A derived vector [S2, S3, S4]/S1 from the Stokes parameters with its initial point at the origin of the 
coordinates of the Poincare sphere and with the terminal point either inside the sphere (unpolarised 
and partially polarised) or on the surface of the Poincare sphere (polarised) can be conveniently 
visualised as shown in Figure 2.2. The length of this derived vector denotes the DOP of the light. 
24 
 
According to Eq. 2.2.8, the polarisation ellipse parameters φ and χ can be interpreted from the 
azimuth angle and the polar angle of the derived vector in the Poincare sphere. 
 
Figure 2.2 The Poincare sphere defined in the S2-S3-S4 coordinate system. The blue vector 
represents the derived vector from the Stokes vector charactering a SOP. The length of this 
derived vector is the DOP. The polarisation ellipse parameters φ and χ can be directly 
interpreted from the azimuth and polar angles of the derived vector in the Poincare sphere. 
2.3 Polarisation properties of matter and Mueller calculus 
The SOP of light may be transformed during polarised light matter interaction, and such a 
transformation completely reflects the polarisation properties of matter. The mathematical description 
of the transformation is a 4×4 matrix dealing with Stokes vectors named a Mueller matrix devised by 
Hans Mueller in 1943 [1]. With the SOP of incident light characterised by the input Stokes vector Sin, 
the polarisation properties of the matter described by the Mueller matrix M, the SOP of emergent light 
represented by the output Stokes vector Sout, the process of the interaction is given by the following 
linear equation, 
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Mueller matrices are defined in Stokes vector space, so they inherit the advantages and 
limitations of Stokes vectors. The reference plane (the x-y plane) and the reference axis (the x axis) of 
the Mueller matrix keep accordance to those of Sin’s (and Sout’s). It is worthwhile mentioning here that 
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the rotation of the matter described by M on the reference x-y plane by an angle φ will change its 
Mueller matrix into M (φ), specified by [2] 
( ) ( 2 ) (2 )M Rot MRot                                              (2.3.2) 
where Rot represents a rotation transformation on the reference x-y plane, 
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Eq. 2.3.2 can also be interpreted as a rotation on a plane parallel to the equatorial plane of the 
Poincare sphere (S2-S3 plane) by 2φ. The letter φ always refers to an angle on the reference x-y plane 
and is called azimuth angle in this thesis. Eq. 2.3.2 and Eq. 2.3.3 infer that the rotation transformation 
of Mueller matrices on the reference x-y plane does not change their eigenvalues corresponding to the 
fact that the polarisation properties remains the same during the rotation of the matter on the x-y plane 
with respect to the x axis, but change the specific values of the Mueller matrices which suggests that 
Mueller matrices are sensitive to the coordinate system determined by the selection of the reference x 
axis. 
2.4 Fundamental polarisation properties of matter 
Mueller matrices convey complete information about all four fundamental polarisation properties 
of matter, namely, diattenuation, retardance, depolarisation and polarisance.  
2.4.1 Diattenuation  
Diattenuation refers to the phenomenon that the transmittance (or reflectance) of matter depends 
on the SOP of incident light. Dichroism is a synonym to diattenuation and is usually used to 
characterise the diattenuation properties of materials. The diattenuation value D is defined by a 
maximum and a minimum transmittance (or reflectance) Tmax and Tmin associated with two orthogonal 
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SOPs. Tmax and Tmin  can be readily obtained from the first row of the Mueller matrix based on the 
definition of transmittance and the Mueller calculus [2], 
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Thus, D can be specified by the length of the diattenuation vector D [5] , 
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m12 and m13 refer to ―horizontal‖ and 45° linear diattenuation parameters, and contribute to the total 
linear diattenuation value LD 
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m14 represents circular diattenuation. A general form of the diattenuation matrix MD can be 
constructed based on the diattenuation vector D [6], 
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where Eye3 stands for a 3×3 identity matrix.  
Matter may demonstrate no diattenuation with MD an identity matrix, partial diattenuation as one 
of its polarisation properties, or pure diattenuation as its sole polarisation property. Diattenuators are 
those elements that show pure diattenuation only. When the LD of such an element is close to 1, it is 
referred to as a linear diattenuator, also called a linear polariser conventionally. Linear polarisers are 
27 
 
not only essential elements to generate and analyse linearly polarised light, but also circularly 
polarised light, as the circular polariser is normally a stack of linear polarisers and wave-plates. There 
are several categories of linear polarisers including wire grid polarisers, nanoparticle polarisers, 
polarising prisms and dichroic materials. Their performance is judged upon the extinction ratio 
(defined as Tmax/Tmin), transmission, spectral range, damage threshold etc, and they are used in 
different situations as appropriate. It is noted that dichroic sheet linear polarisers made of Polaroid 
film invented by an American scientist and inventor Edwin H. Land in 1928 is recognised as the most 
widely used and the most economical, and has significantly promoted the applications of polarisation 
technology in daily life [7]. All the linear polarisers used in this thesis are sheet linear polarisers that 
are derivatives of Polaroid. 
2.4.2 Retardance 
In comparison to diattenuation that is a polarisation dependent process in the amplitude (or more 
accurately, the transmittance or reflectance) domain, retardance refers to the phenomena that the 
phase (optical path length or propagation speed) of light propagating in matter is polarisation 
dependant. Retardance may result from anisotropy of the refractive index of a material. Birefringence 
is a conventional term to characterise such optical properties of the material with varying refractive 
indices for different linear polarised light, corresponding to linear retardance. The azimuth direction 
along the plane of the linearly polarized light going for the minimum and maximum refractive indices 
(nmin and nmax) is named the fast axis and slow axis respectively. The specific refractive index for the 
polarised light in an arbitrary direction is determined by refractive index-ellipse method [8]. The 
phase retardance value δ in radians can thereby be specified by 
max min2 ( )n n d
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The numerator denotes the optical path-length difference between fast and slow axes. In essence, 
linear retardance stands for rotation transformations of vectors with the angle δ along S3-S4 plane of 
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the Poincare sphere in addition to azimuth rotations on the x-y plane represented by the angle between 
the fast axis and the x axis φ, resulting in a Mueller matrix in the form of 
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The matrix above is also the general Mueller matrix of (linear) retarders, also called wave-plates 
which are another common polarisation component.  
Optical rotation also known as optical activity, or circular birefringence, originates from the 
different refractive indices between left and right circularly polarised light corresponding to circular 
retardance, resulting in the azimuth rotation of the plane of linearly polarized light. The Mueller 
matrix for circular retardance is simply a rotation matrix on the S2-S3 plane of the Poincare sphere, 
given by 
1 0 0 0
0 cos sin 0
0 sin cos 0
0 0 0 1
c c
R
c c
M
 
 
 
 
 
 
 
 
                                            (2.4.7) 
where δc refers to the phase retardance value between left and right circularly polarised light.  
2.4.3 Depolarisation 
Depolarisation is a property of matter that transforms polarised components of the light into 
unpolarised. The DOP of light reduces in this process in general. Depolarisation is related to the 
macroscopic statistical properties of polarised light in terms of unpolarised, partial polarised and fully 
polarised states as discussed previously. Physically, it originates from the average effects of rapidly 
varying retardance and diattenuation in time, space and wavelength domains [2]. The Mueller matrix 
of an ideal depolarisation process can be specified as 
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1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
M 
 
 
 
 
 
 
                                                      (2.4.8) 
Such a matrix is able to convert all the Stokes vectors into that of unpolarised light ([1 0 0 0]
T
). 
However, in practice, the Mueller matrix of a depolarising medium is diagonal with nonzero values on 
the diagonal elements in the matrix, which is known as partial depolarisation. The Mueller matrix of a 
general depolarisation process is given by Lu and Chipman [6] as, 
2
3
4
1 0 0 0
0 0 0
0 0 0
0 0 0
M 
 
 
 
 
 
 
              2 3 40 , , 1         (2.4.9) 
Δ2, Δ3 and Δ4 refer to the principle polarisation maintaining powers along their principle axes, the S2, 
S3 and S4 axis respectively. The depolarisation power is normally defined as 1-Δ2, 1-Δ3 and 1-Δ4. Lu 
and Chipman also suppose the three principle axes can be along any three orthogonal axes. The 
resultant Mueller matrix is rewritten as 
 
1 0
0
M
m


 
  
 
                                                      (2.4.10) 
in which mΔ represents the bottom right 3×3 elements of MΔ and is a symmetric matrix. The 
eigenvalues of mΔ reveal the principal polarisation maintaining powers.  
2.4.4 Polarisance 
Polarisance refers to the opposite process to depolarisation, and reflects the property that matter 
transforms unpolarised light to polarised light. Such a process can be described as, 
12 13 14
21 22 23 24
31 32 33 34
41 42 43 44
1 1
1 0
0
0
m m m
m m m m
m m m m
m m m m
   
   
           
   
   
P
                                    (2.4.11) 
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The polarisance vector P can be readily interpreted from the first column of Muller matrix as shown 
in Eq. 2.4.11. Mostly polarisance is represented as an additional part of depolarisation matrix. The 
polarisance value is specified by [2] 
2 2 2
21 31 41
11
m m m
m
 
P                                            (2.4.12) 
In Lu and Chipman’s model, the polarisance is included in the final form of depolarisation matrix. 
2.4.5 Interpretation of Mueller matrices based on polar decomposition 
Mueller matrices as a full characterisation of the polarisation properties can be interpreted as a 
combination of diattenuation, retardance and depolarisation with polarisance based on polar 
decomposition method. The decomposition procedures for a physically realisable Mueller matrix 
developed by Lu and Chipman [6] are briefly introduced in this section.  
A Mueller matrix M can be written in the following form containing a polarisance vector and a 
diattenuation vector, 
12 13 14
21 22 23 24
31 32 33 34
41 42 43 44
1
1 T
m m m
m m m m
M
m m m m m
m m m m
 
 
 
    
   
 
 
D
P
                                   (2.4.13) 
where m denotes the bottom-right 3×3 sub-matrix. The diattenuation and polarisance values can be 
readily obtained. The diattenuation matrix MD can be constructed according to Eq. 2.4.4 and by 
eliminating the diattenuation matrix, the residue matrix M’ is defined as 
1' DM MM                                                           (2.4.14) 
Lu and Chipman confirmed that the residual matrix M’ contains the matrices representing 
depolarisation and retardance [6]. Therefore,  
' RM M M                                                           (2.4.15) 
The general form of the depolarisation matrix containing polarisance is given by [6] 
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                                                       (2.4.16) 
As the essence of retardance is rotations in Poincare spheres, the retardance matrix including both 
linear retardance and circular retardance follows the form 
1
R
R
M
m
 
  
 
0
0
                                                        (2.4.17) 
in which mR is a product of multiple rotation matrices and is thus an orthogonal matrix, and yields 
  1
T
R Rm m                                                          (2.4.18) 
The defined residual matrix M’ can be written as, 
1 1
'
' R
M
m m m  
   
    
   
0 0
P P
                                          (2.4.19) 
As stated in Section 2.4.3, mΔ is a symmetric matrix, and therefore Eq. 2.4.18 and Eq. 2.4.19 cancel 
mR and yield 
2' 'Tm m m                                                          (2.4.20) 
The subscript T refers to the transpose of a matrix. The eigenvalues of mΔ
2 
can be obtained and are 
represented by λ1, λ2 and λ3. mΔ is then constructed as 
1
1 2 1 3 3 2 3 1 2 3 1 2 3 3[ '( ') ( ) ] [( ) '( ') ]T Tm m m Eye m m Eye                     (2.4.21) 
The sign of mΔ is in accordance with that of the determinant of m’. Once the depolarisation matrix MΔ 
is determined, the retardance matrix MR can be readily obtained from 
1 'RM M M                                                         (2.4.22) 
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2.5 Measurement of polarisation: System setup, optimisation and calibration  
2.5.1 Polarimetric imaging  
Polarimetry is an optical technique to quantitatively measure the SOP of light or polarisation 
properties of matter. When all the four elements of a Stokes vector, which is a complete 
characterisation of the SOP of light are obtained, it is called (complete) Stokes polarimetry. Otherwise, 
it is called partial Stokes polarimetry. Likewise, Mueller polarimetry measures the Mueller matrix 
characterising the polarisation properties of matter. A complete characterisation is given by (complete) 
Mueller polarimetry. Partial Mueller polarimetry only measures some of the elements in the Mueller 
matrix. This is very useful from a practical perspective since partial Mueller polarimetry requires 
significantly lower acquisition time and fewer requirements on polarisation devices. Moreover, not all 
the polarisation properties are of interest for a particular type of measured target. How to select the 
elements in the Mueller matrix to measure the polarisation property of interest is also a profound topic, 
which requires sufficient experiments and appropriate methods of data analysis.  
The applications of polarimetry includes remote sensing [9], microscopy [10], thin film 
measurement [11] and light scattering, biological tissue study [12], etc. If polarimetry is done over a 
field of view, it is called polarimetric imaging. In this thesis, the primary focus will be on the 
development of partial Stokes polarimetric imaging, partial Mueller polarimetric imaging and 
complete Mueller polarimetric imaging, known respectively as polarised light scattering spectral 
imaging, 3×3 Mueller polarimetric imaging and 4×4 Mueller polarimetric imaging. All are 
incorporated with endoscopy for tissue sensing and characterisation 
2.5.2 A general configuration of a polarimetric imaging system 
According to Eq. 2.3.1, in order to obtain all the elements in a 4×4 Mueller matrix of a sample, at 
least four linearly independent input Stokes vectors are required and their output Stokes vectors 
should be analyzed individually to construct at least 16 equations. Therefore, a polarimetric imaging 
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system consists of a light source, polarisation state generators (PSG), polarisation state analysers 
(PSA), and an image sensor to generate all the required equations. 
 
Figure 2.3 A typical configuration of a polarimetric system. 
The SOP of light from the source is characterised by the Stokes vector Ssrc. As implied from its 
name, the PSG can change the Mueller matrix of its own to modulate the SOP of the source and 
sequentially generates polarised light beams with the required linearly independent input Stokes 
vectors, which is characterised by the following equation, 
( ) ( ) ( )pp in pp PSG pp srcM PSG_vec S S                                         (2.5.1) 
where p (p≥ 4) is the number of required input Stokes vectors. pp represents the ordinal of one of the 
required input vectors, and MPSG(pp) corresponds to the Mueller matrix of the PSG when it is 
generating the ppth input Stokes vector Sin(pp). In this thesis, Sin(pp) is also referred to as a PSG state 
vector denoted by PSG_vec(pp). If the light from the source is unpolarised (Ssrc=[1 0 0 0]
T
), PSG_vec(pp) 
is simply the first column of MPSG(pp). The mathematical representation of the instrumental matrix of 
the PSG denoted by MPSG is specified by a row sequence of PSG state vectors, 
 (1) (2) ( ) ( )... ...PSG pp pM  PSG_vec PSG_vec PSG_vec PSG_vec            (2.5.2) 
According to Eq.2.3.1, Sin(pp)  interacts with the sample and is transformed to Sout(pp), represented by, 
( ) ( )out pp sample in ppMS S                                                     (2.5.3) 
The emergent light from the sample continues going through the PSA and reaches the sensor. 
Similarly to the PSG, the PSA has q (q≥ 4) states corresponding to different Mueller matrices. Since 
the majority of image sensors are polarisation insensitive, they are only able to measure the first 
element of the Stokes vector, the total radiometric intensity S1, which is only determined by the first 
row of the Mueller matrix of each PSA state. This row forms a four-element row vector, called a PSA 
34 
 
state vector referred to as PSA_vec(qq). Here ―qq‖ represents the ordinal of one of the required states of 
the PSA. The total intensity S1(pp, qq) can then be read out according to the radiometric measurement 
from the image sensor and corresponds to the ppth state of the PSG and qqth state of the PSA. The 
process is specified by, 
1( , ) ( ) ( )pp qq qq out ppS  PSA_vec S                                              (2.5.4) 
Then the PSA instrumental matrix MPSA comprising a stack of PSA state vectors is defined by 
(1)
(2)
( )
( )
_
_
...
_
...
_
PSA
qq
q
PSA vec
PSA vec
M
PSA vec
PSA vec
 
 
 
 
  
 
 
 
 
                                                    (2.5.5) 
In one polarimetric measurement, q×p radiometric images are acquired and form a q×p 
radiometric matrix P. According to Eq. 2.5.1-2.5.5, the following linear equation is constructed to 
characterise the entire process of measurements, 
PSA sample PSGP M M M                                                       (2.5.6) 
Therefore, in order to obtain the Mueller matrix of interest Msample, both MPSG and MPSA have to contain 
at least four linear independent state vectors such that neither of the ranks of MPSG and MPSA are less 
than four to ensure this linear equation has a unique solution,  
1 1
sample PSA PSGM M PM                                                     (2.5.7) 
When MPSA and MPSG satisfy the minimal requirements on the matrix ranks, but they are not square 
matrices which implies oversampling of the polarimetric system, their inverses are replaced by 
Moore–Penrose pseudoinverse matrices MPSA p
-1 
and MPSG p
-1
 defined by  
1 1
1
1
1
1
( )
( )
sample PSAp PSGp
T T
PSAp PSA PSA PSA
T T
PSGp PSG PSG PSG
M M PM
M M M M
M M M M
 







                                             (2.5.8)
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The Moore-Penrose pseudoinverse can be considered as a data reduction matrix to compute the least 
square solution of the linear equations. 
2.5.3 Polarimetric system optimisation 
Besides the minimum requirement concerning the rank, how to optimise MPSA and MPSG to 
minimise the error propagating from the measured radiometric matrix P to the resultant Mueller 
matrix of the sample Msample during two matrix inversions in Eq.2.5.7 is another important issue. 
Normally, it is reasonable to consider MPSA and MPSG separately rather than simultaneously during 
optimisation [13] so that the optimisation is simplified as a classical problem about the backward 
stability of a linear equation.  
Considering a general linear equation with noise Δb added to the known vector b,  
1( )A  x x b b                                                   (2.5.10) 
how the absolute error Δx in the result x is sensitive to Δb is determined by the backward stability of 
the coefficient matrix A. The backward stability of A is dependent upon its orthogonality which is 
indicated by its determinant. A matrix will become more orthogonal as its determinant increases, 
leading to a better backward stability.  
In polarimetry, the matrix A can be replaced by the PSA and PSG instrumental matrices MPSA and 
MPSG determined by the state vectors selected. The determinant was first introduced as the parameter 
to assess the backward stability for polarimetry in [14]. In the Poincare sphere, the determinant 
essentially corresponds to the oriented volume enclosed by the end points of the PSA or PSG state 
vectors. However, the determinant lacks a quantitative indication of the error. The backward stability 
of the matrix A can be quantitatively assessed by its condition number defined by, 
1( )cond A A A                                                   (2.5.11) 
where || || denotes the matrix norm. It is noted that the matrix norm employed to characterise the 
backward stability and serve as the figure of merit to optimise the MPSG and MPSA in Eq. 2.5.11 could 
36 
 
be the 1-norm, the 2-norm (Euclidean norm) or the ∞-norm (sup-norm) [15]. Nevertheless, the 2-norm 
is more frequently used since it is simply the square root of the largest eigenvalue of MM*, where * 
stands for the conjugate matrix. The relationship between the relative error and the condition number 
is given by the inequality [16],  
( )cond A
 

x b
x b
                                                 (2.5.12) 
The random error from radiometric measurement is statistically stable, and the maximum noise level 
is constrained mainly by the condition number. Thus the system signal-to-noise ratio can be assessed. 
The Frobenius norm has also been reported to assess the error propagation with the assumption that 
the noise in the measurement is uncorrelated resulting in an equal variance [17]. 
2.5.4 Polarimetric system calibration 
Another essential consideration is calibration of polarimetric systems, a procedure to determine 
the real MPSG and MPSA which normally deviate from their nominal expectations. There have been 
several calibration methods developed with various drawbacks such as assumptions or requirement of 
prior knowledge. For example, some methods assume that the angular increment of rotating elements 
is perfect, or that the linear retarders used in the PSG and PSA do not have any diattenation, or that 
linear polarisers show no retardance [14, 18]. These assumptions are not valid in practice and result in 
system errors. E. Compain et al. proposed an eigenvalue calibration method (ECM) in 1999 [19] 
which has been proven to be general and reliable [20]. The ECM takes advantage of measuring 
calibration reference samples so as to obtain a proper group of system responses. Normally, such a 
group includes a null response, linear diattenuation responses and linear retardance responses to 
construct MPSG and MPSA [19]. 
The most frequently used calibration reference sample to measure the null response Pnull is air. 
The Mueller matrix of clear air is considered to be an identity matrix.  
null PSA PSGP M M                                                       (2.5.14)
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The system response to a reference sample with diattenuation or retardance with known Mueller 
matrix Mi is described as 
i PSA i PSGP M MM                                                      (2.5.15) 
For simplicity and without the loss of generality, MPSG and MPSA are treated as 4×4 square matrices 
[20]. In order to eliminate one of the unknowns MPSA in Eq. 2.4.15, a matrix Ci is constructed, 
specified by 
1
i i nullC PP                                                           (2.5.16) 
Eq. 2.5.15 becomes 
PSG i i PSGM C MM                                                     (2.5.17) 
which is a homogeneous case of the Sylvester equation used in control theory and neuronal networks 
etc. One of the robust methods to solve this classical equation is to use column stacking and 
diagonalisation based on vectorization and the Kronecker product [20]. An important property of the 
Kronecker product can be expressed by 
( ) ( ) ( )Tvec AXB B A vec X                                            (2.5.18) 
Therefore, vectorizing (or column stacking) Eq. 2.5.17 on both sides results in 
( ) ( ) ( ) ( )Ti PSG i PSGC Eye vec M Eye M vec M                               (2.5.19) 
Eye represents an identity matrix. By constructing a matrix Fi given by 
 
T
i i iF C Eye Eye M                                                 (2.5.20) 
Eq.2.5.19 becomes a homogeneous linear equation, 
( ) 0i PSGFvec M                                                       (2.5.21) 
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and vec(MPSG) should be one of untrivial solution vectors. In other words, provided that the coefficient 
matrix Fi in the linear equation Eq. 2.5.21 is Hermitian, vec(MPSG) is in the eigenspace of Fi 
corresponding to the null eigenvalue of Fi. Since Fi cannot be guaranteed to be Hermitian, the 
transposed Fi is multiplied on both sides of Eq. 2.5.21 in order to construct a Hermitian coefficient 
matrix,  
( ) 0Ti i PSGF Fvec M                                                      (2.5.22) 
Since the MPSG exists physically, Eq 2.5.22 is anticipated to have one unique untrivial solution 
vector which means the eigenspace of the coefficient matrix should be one dimensional. Such a 
coefficient matrix can be constructed by choosing a proper set of calibration reference samples. An 
optimal set of the samples may be a ―dichroic retarder‖ with two or more different azimuth 
orientations [13, 19]. The final constructed equation obtained from n calibration reference samples 
can be written as, 
( ) 0T
n
i i PSG
i
F F vec M
 
 
 
                                               (2.5.23) 
The coefficient matrix     
   
 
   will then have one unique eigenvector corresponding to the 
eigenvalue 0, which is the solution vector of Eq. 2.5.23. Once MPSG is determined, MPSA can be 
obtained according to Eq. 2.5.14.  
The accuracy of the ECM relies significantly on the calibration reference samples. It is noted that 
the matrix Ci and Mi are similar matrices. Some parameters of the calibration reference samples like 
the azimuth orientation angle of the reference ―dichroic retarder‖ can be obtained prior to solving Eq. 
2.5.23. Therefore, the deviations of the calibration samples with respect to the azimuth orientation 
angles will not lead to calibration errors. In practice, the only problem is that the retardance of 
calibration reference samples normally deviates from the nominal values and has to be precisely 
investigated prior to use. Unfortunately, the retardance of a retarder is sensitive to the wavelength, the 
direction of light propagation and the temperature, and is difficult to determine with high precision. 
However, the ECM is still a most popular calibration method in Mueller polarimetry because it 
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requires the fewest assumptions and provides the most comprehensive information about the PSG and 
the PSA.  
2.5.5 The configurations of the PSG and the PSA of polarimetric systems: a short review 
A PSG has an exact equivalent configuration to a PSA. There exist a number of architectures of 
the PSA and the PSG. The most common and simplest configuration uses a combination of a rotatable 
or removable quarter wave-plate and rotatable linear polariser to generate or analyse one by one all 
the elements to define the Stokes vector, namely, ―horizontal‖, ―vertical‖, +45°, -45° linear and left 
right circular polarisations. This configuration requires mechanical rotation of both the wave-plate and 
the linear polariser, or rotation of the linear polariser and removal of the wave-plate. 
Another classical mechanically-moving technique is based on dual rotating retarder Mueller 
polarimetry that normally incorporates Fourier analysis first described by Azzam in 1978 [21]. The 
PSA and the PSG for this kind of configuration is symmetric but both comprise a fixed linear 
polariser and a rotating linear retarder. The two linear polarisers are kept parallel or perpendicular. 
The two retarders rotate with two different angular increments. The ratio of the increments is 
optimised as five to one [21]. A sequential intensity sampling is conducted during rotation of the 
retarders, resulting in a modulated signal. The signals obtained are Fourier analysed, and the Mueller 
matrix is derived from the Fourier coefficients. The primary advantage of this configuration is the 
requirement for fewer moving parts reducing the cost in instrumentation. The calibration can be done 
without the need for calibration reference samples under some assumptions [14, 18]. The 
disadvantage is the long acquisition time resulting from its mechanics-based nature. It is also an 
oversampling system which further slows down the measurements. The system is not able to achieve 
the best backward stability with respect to error propagation either though it can be optimised to be 
close to the best. 
Another type of configurations is based on the application of electronically-controlled variable 
retarders without any mechanically moving parts. A suitable combination of variable retarders and 
linear polarisers possesses the ability to generate or analyse any polarisation state. Typically, two 
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variable retarders incorporating a linear polariser are required for a single PSA or PSG, and as a result 
a Mueller polarimeter needs four variable retarders as a result. There are various types of variable 
retarders available with different operating mechanisms. Photo-elastic modulators (PEM) are based on 
the photo-elastic effect of transparent materials, taking advantage of a high frequency quartz 
piezoelectric transducer attached to the end of the material. PEM have very high modulation 
frequency determined by the piezoelectric material in the transducer. They thus require additional 
effort in gating and synchronising for imaging [22]. Pockell’s cells use the electro-optical effects of 
electro-optical materials. However, they have a small acceptance angle which limits their wide 
utilisation in imaging applications. Liquid crystal variable retarders use liquid crystal technology to 
modulate the birefringence. For nematic liquid crystals, the response time is sensitive to the thickness 
with a typical range down to several to tens of milliseconds, much slower than PEM and Pockell cells. 
For ferroelectric liquid crystals which modulate the orientation of the fast axis, the response time are 
on the scale of tens of nanoseconds with fixed retardance. Liquid crystal retarders are sensitive to 
temperature and require temperature control units for high precision measurements to prevent the 
interference from room temperature variation. However, such variable-retarder-based configurations 
have conspicuous advantages over mechanically-moving systems in terms of the response time, 
accuracy and reproducibility. 
Non time-sequential configurations employing beam splitter assemblies are also a good solution 
to construct a fast PSA, although these may not be cost effective. An emerging polarisation camera 
with a linear micropolariser array aligned precisely with the CCD array is promising for high speed 
polarisation analysis of the linear components in the Stokes vector. One of the leading manufacturers 
of such CCDs is 4D technology based in the US. However, the PSG requires sequential generation of 
SOPs. 
2.6 Fundamental interactions between polarised light and tissue  
Polarisation is able to provide an interesting insight into various fundamental interactions 
between light and tissue, such as absorption, elastic and inelastic scattering, intrinsic retardance and 
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diattenuation of tissue, fluorescence and bioluminescence, nonlinear optical effects, etc. For the 
purpose of this thesis, the following review will be mainly focused on how polarization can be applied 
to providing information about specular reflection, absorption, elastic scattering and intrinsic 
polarisation properties of tissue.  
2.6.1 Specular reflection and refraction 
The incident light is initially reflected and refracted at the tissue interface. The radiance of 
reflected light referred to as the specular reflection is intense, and can easily to saturate image sensors 
distracting observers without providing interesting image information. As a result, a lot of effort is 
made to avoid specular reflections by system optimisation [23], polarisation gating [24, 25], 
introduction of refractive index matching liquid [23] or post acquisition processing [26]. 
The non-reflected light refracts and continues propagating into the tissue. Reflection and 
refraction occur at interfaces between connective tissue layers for which the refractive indices are 
distinctly different. These can be very well modelled by Snell’s law and Fresnel’s formulae [1, 27], so 
they present no depolarisation and retardance, but some diattenuation and polarisance dependant on 
the incident angle. One special case is total internal reflection which leads to a phase shift for the 
electric field perpendicular to the reflection/refraction plane (s polarisation) with respect to that 
parallel to the reflection/refraction plane (p polarisation), resulting in linear retardance. As an 
accepted rule of thumb, the polarisation does not change significantly in tissue specular reflections, 
and therefore orthogonal polarisation imaging and some improved techniques based on this can be 
used to remove or reduce the specular highlights [24, 25], which will be reviewed in the following 
section. In addition, the analysis of EM fields is more complex for metallic surfaces with a high 
conductivity. Generally, metals with a high electrical conductivity e.g. silver and aluminium 
approximate to a perfect reflector that is able to preserve the incident polarisation. There are no 
metallic interfaces in tissue, but metal coated optical mirrors are normally considered as an ideal 
polarisation maintaining component to calibrate a polarisation system in reflection mode. 
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Unlike optically clear media, most biological tissues are regarded as strong elastic scattering 
media induced by micro structural refractive index mismatches [28] and hence are called turbid 
media. The refracted light continues propagating in tissue and undergoes scattering and absorption.  
2.6.2 Absorption  
Electromagnetic energy in the form of light is converted through absorption by chromophores in 
tissue into other forms of energy, like heat, fluorescence and mechanical energy in the form of 
acoustic waves. The absorption as well as the generation of fluorescence and acoustic waves in tissue 
is able to provide contrast for optical imaging. The signature of tissue absorption spectra also enables 
the analysis of biochemical components enriching diagnostic information. The primary chromophores 
in tissue are haemoglobin including oxygenated and deoxygenated forms, melanin, water, adipose 
tissue and fat [29]. Though an individual molecule may exhibit diattenuation, the absorption of bulk 
tissue is normally not polarisation sensitive as a result of either molecular structure isotropy or 
orientation randomness of the molecules. Instead, tissue absorption mainly depends on the 
concentrations and absorption cross sections at pertinent wavelengths, characterised by Beer-
Lambert’s law [28]. The absorption spectroscopic characteristics of oxygenated haemoglobin and 
deoxygenated haemoglobin have been studied in the range of visible and near infrared light [30], and 
are widely utilized to determine their relative concentrations in tissue to non-invasively monitor 
physiological parameters e.g. respiration rate, heart beat rate and oxygen saturation [31]. The heat 
which is a common by-product of absorption can cause a potentially therapeutic (or damaging) effect 
on tissue in conjunction with extrinsic chromophores with strongly absorbing properties like gold 
nanoparticles, which can serve as mechanisms of photo-thermal therapy which has demonstrated 
promising by a vast number of studies [32-35]. At the same time, as one of the contrast agents for 
absorption based tissue imaging including fluorescence imaging and photoacoustic imaging, gold 
nanoparticles have attracted vast amount of investigation and show great potential to improve tissue 
optical imaging [36]. 
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2.6.3 Elastic Scattering and tissue depolarisation 
Refractive index mismatches on a macroscopic scale are the origin of light refraction 
phenomenon described by the Snell’s law and Fresnel’s formulae. As a counterpart, elastic scattering 
is caused by optical non-uniformity on a microscopic scale. In tissue, such optical non-uniformity 
comes from refractive index mismatches between collagen fibres, cells (cell membrane and 
cytoplasm), nuclei, as well as cell organelles below one micrometer such as mitochondria, ribosomes, 
lysosomes, etc. [12]. Hence, tissue is usually modelled as a system of particles in terms of the discrete 
refractive index distribution arising from these cell and cell organelles. The elastically scattered light 
propagating with some angular probability distribution maintains the incident wavelength. The 
incident light interacting with the tissue only once before becoming reflected is called single-
scattering light. There is a series of theories used to model single-scattering events including Rayleigh 
scattering theory for particles much smaller than the light wavelength [28], Mie scattering theory for 
spherical particles [28], and Discrete Dipole Approximation (DDA) [37-39] and other numerical 
methods for arbitrary shaped particles. It is noted that for a continuous weakly spatially fluctuating 
distribution of refractive index, a perturbation (or Born) expansion of the scattered wave also turns out 
to be useful [40, 41]. The Born approximation retaining only the first term in this expansion can be 
utilised to calculate the spatial correlation function of refractive index incorporated with von Karman 
correlation function. Tissue self affinity represented by the Hurst exponent in the von Karman 
correlation function proves to be a potential biomarker for precancer [40] and an indicator for bacteria 
growth [42]. The results with a continuous refractive index assumption are consistent with those 
obtained from the discrete refractive index assumption (particle model) with some assumptions e.g. 
the particles have a broad inverse power law size distribution [43], a narrow Gaussian sized 
distribution of particles [44, 45], or least squares with non-negativity constraints algorithm [46].  
Mie scattering theory is a solution to Maxwell's equations. It describes the scattering of 
electromagnetic radiation by spherical homogeneous particles in a non absorbing medium [47]. Mie 
scattering theory is widely adopted to model scattering processes in tissue mimicking phantoms and 
tissue [28, 45, 48-51], since the majority of particles in tissue are randomly orientated spheroids, for 
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example, cells and cell organelles, and the average effect of the spheroids is close to that of spheres. 
Mie scattering theory is the primary single-scattering analysis method in this thesis. 
In Mie scattering theory, the scattering electric field Eout in the far field is decided by the Mie 
scattering amplitude matrix J 
2 3
4 1
j j
J
j j
 
  
 
                                                           (2.6.1) 
and incident electric field Ein which correspond to the Jones matrix and Jones vector in polarization 
optics respectively. The electric field vectors are normally decomposed to two orthogonal components 
E2, E1 to ease the analysis. E2 and E1 are parallel and perpendicular to the scattering plane defined by 
the incident ray and the scattering rays respectively [52].  
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                                  (2.6.2) 
exp(ikz) and exp(-ikR)/ikR are the spatial phase factors of the incident plane wave and the scattered 
wave respectively. Due to the rotational symmetry of spheres along the direction of the incident ray, j3 
and j4 are always 0 [52]. j1 and j2 are functions of the cosine of the scattering angle obtained from 
matching the boundary conditions at the surface of the sphere. They are expressed with spherical 
Bessel functions determined by the size parameter and relative refractive index of the sphere. In this 
thesis, such calculations are conducted in Matlab to obtain the amplitude matrix [53]. 
Jones calculus is employed originating from the fact that the light cannot be depolarized in a 
single-scattering event. The Mueller matrix of the particle in Mie theory can be obtained from the 
scattering amplitude matrix [52]. The Mueller matrix of spherical particles manifests a form of 
dichroic retarder without depolarisation and circular retardance, but only with a weak diattenuation 
and linear retardance. As an example, a simulation was conducted schematically demonstrating how 
the diattenuation and linear retardance of a polystyrene microsphere (refractive indices 1.2 relative to 
water and about 1.1 relative to glycerol solution to simulate scattering of cell nuclei [45]) changes 
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with the diameter of the particle and scattering angle at 546 nm, shown in Fig. 2.4, in which the 
horizontal axes denote the diameter of spherical particle with a range of 0.01-10 um, and the vertical 
axes represents the scattering angle from 0° to 180°. The depolarization power and circular retardance 
are zero. Several preliminary conclusions can be obtained from the simulation results in Fig. 2.4: 
  
(a) (b) 
  
(c) (d) 
Figure 2.4 Single-scattering induced diattenuation (a, c) and linear retardance (b, d) of 
polystyrene microspheres change with the diameter of particle and scattering angle at 546nm 
were simulated. The horizontal axes denote the diameter of microspheres with a range of 0.01-
10um, and vertical axes represent the scattering angle from 0° to 180°. 
 The maximum diattenuation and linear retardance values with the relative refractive index 1.2 
are nearly an order of magnitude higher than those with the relative refractive index 1.1 by 
comparing Fig 2.4(a, b) with Fig. 2.4(c,d). Generally, the diattenuation and the retardance are 
not significant when the relative refractive index approaches 1. However, only scattering of 
spherical particles was simulated here. Significant retardance may also arise from sphere-
cylinder scattering media [54]. 
 The diattenuation and linear retardance induced by backward scattering (scattering angle 90°-
180°) are stronger than those by forward scattering from Fig. 2.4(a-d). Their angular spectra 
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demonstrate modulated patterns. The modulated patterns become increasingly significant as 
the scattering angle rises. 
 When the scattering angle and relative refractive index are constant, the diattenuation and 
linear retardance values also display a conspicuous monotonic increase with the diameter.  
In tissue, besides being singly scattered, light is more likely to interact with a series of particles 
consecutively and undergo multiple-scattering events before leaving the media, which is referred to as 
multiple-scattering. Light transport in turbid media of great optical thickness is dealt with in the 
theory of radiative transfer [28] characterised analytically by Boltzmann’s equation regardless of 
polarisation and coherence. Since multiple-scattering appears to be highly analogous to heat diffusion, 
the diffusion equation is frequently used to facilitate solution of the radiative transfer equation in 
multiple-scattering regimes. In contrast to Boltzmann’s equation, the diffusion equation can be solved 
analytically and conveniently applied in practice. However, Boltzmann’s equation and the diffusion 
equation are used to characterise the light radiance (photon) transport, without consideration of 
polarisation and coherence. To date polarisation sensitive Monte Carlo simulation is the most widely 
employed method to investigate the stochastic process of polarised light transport in multiple-
scattering regime non-empirically [55-62].  
As discussed, a single interaction between light and a particle does not lead to depolarisation. In 
contrast, multiple-scattering is a natural mechanism of depolarisation (for incoherent light), since the 
reference frames (two dimensional scattering planes in one scattering event) are significantly 
scrambled in a series of consecutive scattering events occurring in 3-D space. In other words, 
depolarisation of incoherent light mainly arises from non-coplanar trajectory of light rays in scattering 
media, qualitatively speaking. The possibility of non-coplanarity increases as the number of scattering 
events rises. Such a mechanism of depolarization means that depolarisation is a complex process 
sensitive to the light trajectory resulting from the spatial distribution of absorption, scatterer 
concentration, illumination polarisation state, illumination-detection geometry, and the scattering 
phase functions resulting from the shape, size, and relative refractive index of scatterers [63-65]. 
Hence, the measurement of depolarisation of abnormal tissues is capable of revealing the valuable 
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information conveyed by those scattering parameters due to tissue pathological changes, and has 
potential to be a non-invasive tool for optical biopsy in vivo, in vitro in real time. Such background 
research will be reviewed in Section 2.7. Tissue intrinsic birefringence stated in the following section 
is also claimed as a source for depolarisation [12, 66]. 
2.6.4 Tissue diattenuation and retardance  
 
Figure 2.5 A summary of the information conveyed by the polarisation properties of tissue. 
Tissue diattenuation may arise from layered tissue structures with significant refractive index 
mismatch inducing reflection and refraction, single-scattering events as analysed in the last section 
and some dichroic molecules like amino acids and nucleic acids. The magnitude of diattenuation in 
tissues with sufficient thickness for the occurrence of multiple-scattering was reported as being 
negligible and much lower than the other two polarization phenomena in a number of publications 
[12, 55, 67-74]. However, diattenuation may become significant when imaging single-scattering 
dominant biological samples [75] e.g. microscopic slides of tissue with probe-based Mueller 
polarimetry [76] and Mueller polarimetric microscopy [77]. 
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Tissue linear retardance can be ―scattering induced‖ as analysed in the previous section, or may 
arise from tissue intrinsic birefringent materials. The scattering induced linear retardance was reported 
to be weak in the multiple-scattering regime [78]. The intrinsic birefringence (linear retardance) 
originates from anisotropy in refractive indices. Such anisotropy is found in extra cellular birefringent 
proteins, e.g. collagen, elastin, and anisotropic fibrous structures e.g. actin-myosin, hydroxyapatite 
crystals fibres as the refractive indices along the fibre and perpendicular to the fibre are not the same 
[12]. As was summarised in Ref. [12], birefringent fibrous structures are shown to exist in bone, some 
skin, muscle, teeth, cornea, nerve, retina, myocardium, tendon, cartilage, eye sclera, dura mater, 
myelin, etc. The contribution of circular retardance of tissue arises from asymmetric chiral molecules 
and structures like glucose, since single Mie scattering normally does not induce optical rotation. 
In summary, the propagation of polarised light in tissue is a complex process determined by 
tissue absorption, scattering, scattering-induced polarisation properties and tissue intrinsic polarisation 
characteristics. There is no doubt that it is of great value to develop polarisation resolved techniques 
to probe these properties and reveal metabolic, micro-structural, compositional and morphological 
information of tissue.  
2.7 Application of polarisation for tissue sensing and imaging 
2.7.1 Polarisation as a gating technique 
It is a self evident fact that the average path length and penetration depth of single-scattering light 
is shorter than those of multiple-scattering light. As a result, the multiple-scattering photons contain 
the information for deeper tissues, while the single-scattering photons probe the most superficial 
tissues within one mean free path length of scattering. The information conveyed by single-scattering 
and multiple-scattering components is not the same. The detection of the most superficial tissue is 
sufficient to diagnose dysplasia in the epithelial linings of the internal surfaces of the body where 
most cancers originate. However, because the majority of detected reflectance is dominated by 
multiple-scattering, referred to as the diffusive background, decoupling single-scattering signals from 
the diffusive background requires specialized gating techniques [4]. Optical Coherence Tomography 
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(OCT) based upon low coherence light interference is used to obtain single-scattering light for 
imaging because the mean free path length of multiple-scattering light is beyond the coherence length 
of the light source and thus cannot contribute to interference, while single-scattering with shorter 
mean path length can [79-81]. Early arriving photon imaging takes advantage of the time difference 
between single-scattering and multiple-scattering to eliminate the multiple-scattering signals [82-84]. 
As analyzed in the last section, the polarized incident light undergoes depolarization after being 
multiply scattered in tissue. On the contrary, single-scattering light is still polarized and maintains the 
incidental polarisation state. Hence, polarization is able to provide an alternative solution to 
differentiate multiple-scattering and single-scattering signals, known as polarisation gating.  
The simplest application of polarisation gating is orthogonal polarisation imaging. By 
illuminating with polarised light and measuring with a cross/orthogonal polarisation analyser, for 
instance, horizontally linear polarised illumination with vertical linear polarisation analyser, or left 
circularly polarised illumination with right circular polarisation analyser, the co-polarised components 
including the majority of the specular reflection, single-scattering signals and half of diffusive 
reflectance are filtered. The cross-polarised components consisting of half the diffusive reflectance are 
imaged. As a consequence, the glares resulting from specular reflections are suppressed and the image 
quality of deeper regions (in the diffusive regime) is improved. It has been reported that orthogonal 
polarisation imaging in collaboration with spectral imaging is highly effective to observe the blood 
vessels and the capillaries in micro-circulation for diagnostics [85-87]. In dermatology, orthogonal 
polarisation imaging inspection has become a common practise [88, 89] to avoid glare, and to 
visualise or at least improve the image contrast of structures at depth. This imaging modality has been 
integrated into a flexible endoscope and has demonstrated improved visualization of blood vessels 
associated with neoplasia, which are not visible during standard endoscopic white light imaging [90]. 
Orthogonal polarizers were also employed to reduce specular reflections and select the light in the 
diffusive regime in modulated imaging quantifying optical properties of turbid media across a wide 
field [91-93]. 
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If both co-polarised and cross polarised images are acquired, the modality is termed as 
polarisation gated imaging. Polarisation gated imaging does not only retain all the advantages in 
orthogonal polarisation imaging, but also provides additional information on the tissue surface 
(single-scattering domain) via a subtraction between co-polarised and cross polarised images. Demos 
et al. reported that such a mechanism could be used to enhance the contrast for both image tissue 
surface and subsurface imaging to improve the contrast [94]. Jacques et al. used polarisation gating to 
reveal the disruption of the normal texture of the papillary and upper reticular dermis [23]. Morgan et 
al. showed that a suitable combination of linear and circular polarisers and analysers is able to 
decouple single, multiple-scattering and specular reflection [24]. Silva utilised different polarisation 
states (linear, elliptical and circular polarisations) to select well-defined subsurface volumes in a 
turbid medium, since circular and linear polarisation are depolarised differently and have different 
penetration depths [95, 96].  
Another important application of polarisation gating techniques is elastic light scattering 
spectroscopy or polarised light scattering spectroscopy (LSS). A great number of diseases like most 
cancers originate from the epithelium that is located in the regime of single-scattering. It is of 
significance to decouple single-scattering spectra from multiple-scattering ones, because modelling 
single-scattering to quantify the information of interest about scatters is far less challenging, requiring 
less computation in comparison with modelling multiple-scattering that involves a series of stochastic 
processes. It should be mentioned that there are two kinds of scattering spectroscopy: the first collects 
angle-resolved spectra over a large range of angles at one wavelength; the second collects 
wavelength-resolved spectra over a range of wavelengths at one fixed scattering angle. ―wavelength-
resolved‖ is normally omitted for short in the latter case in this thesis. Perelman et al. developed a 
scattering spectroscopy technique to identify the light component that is singly scattered by near-
surface epithelial cell nuclei [97], since the near-backward scattering light from the cells is dominated 
by cell nuclei [51, 97, 98]. Perelman used a model based method to select single-scattering spectra 
from the multiple-scattering spectra. The technique was significantly improved by introducing 
polarisation gating to extract single-scattering spectra from multiple-scattering ones, proposed by 
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Backman et al. in 1999 [45]. Polarized light scattering spectroscopy incorporating Mie scattering 
analysis allowed interrogation of the epithelial cell nuclear size distributions from the diffuse 
background [45, 99, 100]. The first LSS system was constructed in free space with approximately 
collimated light and well-defined scattering angles approximating to 180
o
, so that Mie theory could be 
easily used to study the scattering spectrum [45]. The system was further improved by using a Fourier 
lens and a scanning slit spectrometer in order to obtain the wavelength-resolved spectrum and the 
angle-resolved spectrum at the same time [101, 102]. LSS fibre optic probes were then developed by 
Sokolov et al. [103] and Mourant et al. [104], and were used for characterising mammalian cells [104] 
and detecting local tissue changes in the oral cavity [105].  More advanced fibre optic probes for LSS 
made use of gradient-index (GRIN) lens to implement depth selective measurement from a range of 
near surface depths (100-200 um) to interrogate blood supply [106, 107]. A great number of 
translational studies for diagnosis of breast cancer [108], prostate cancer[109], intraoperative 
determination of sentinel lymph node status in the breast [110], colonic lesions [111], oral 
premalignancy [112], high grade dysplasia and cancer in Barrett’s oesophagus [113, 114], cervix 
neoplasia [115, 116], gold nanoparticle sizing [117], investigation of the nature of acetowhitening in 
cervix cancer inspection [118-123] and monitoring apoptosis in cell cultures [48, 50, 124] have 
demonstrated that LSS provides a promising solution for cell culture monitoring, tissue surveillance 
and biopsy guidance in a relatively simple and cost effective configuration. Nevertheless, it is crucial 
to translate this promising lab technique into a clinically practical technique by implementation of 
endoscopic imaging based on LSS, which is one of the focuses of this thesis. 
2.7.2 Mueller Polarimetric imaging 
Polarisation gating techniques are only able to approximately obtain tissue depolarisation and are 
not able to detect other polarisation properties especially tissue retardance. The method developed by 
Lu and Chipman to interpret Mueller matrices in terms of diattenuation, depolarization and retardance 
is valid to decouple tissue retardance from depolarisation for both forward and backward geometry 
detections according to a series of experiments and simulations [72-74, 125, 126]. Tissue 
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depolarization and retardance can be extracted from Mueller matrix polarimetric imaging. Mueller 
matrix polarimetry thus manifests great potential in tissue sensing and characterisation.  
Antonelli et al. demonstrated that early stage cancerous human colon is less depolarising than 
healthy colon through ex vivo measurements with a multispectral Mueller polarimetric imaging 
system [55]. Using the same system, Pierangelo et al. showed that tissue depolarisation could provide 
useful image contrast to quickly identify the stage of colon cancer development [68] and found the 
reasons for this in [69]. The system was also found to be a promising tool to evaluate colon cancer 
progression and residual cancerous tissue after neo-adjuvant therapy [70] and radio-chemical therapy 
[68]. Significant differences of tissue linear retardance and depolarisation in healthy and cancerous 
regions of human cervix were also observed by the system [67]. The ability of polarimetry to 
characterize the micro-organizational state of the myocardium and to monitor regenerative treatments 
of myocardial infarction were presented by Vitkin et al. [76]. By measuring regional birefringence of 
the bladder, organizational anisotropy as a function of distension pressure could be revealed [127], as 
well as local structural disorders of the bladder wall caused by partial bladder outlet obstruction [128]. 
Shukla et al. observed that cervical tissue depolarization is capable of revealing morphological 
changes in the epithelium, and the retardance is sensitive to the morphological changes around the 
stroma [129]. Mueller polarimetry or polarimetric imaging is also used to investigate muscles [130], 
normal and precancerous human cervical tissues [131], Bacillus thuringiensis bacteria colonies 
growing [42], skin [132, 133], the orientation of collagen fibres in 3-D space [134], etc. 
Mueller polarimetric imaging is confronted with a similar challenge to LSS, that is, to translate 
the technique from a free space system to an endoscopic imaging system. Chapter 4 and Chapter 5 
will report the development of the first 3×3 and 4×4 Mueller polarimetric endoscopic imaging 
systems so far. The fundamentals of medical endoscopes will be introduced in the following section. 
2.8 Introduction of medical endoscopes 
Medical endoscopes are normally long and narrow optical instruments used to observe interior of 
a hollow organ or body cavity through small incisions or natural body orifices. Along with a Viennese 
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instrument maker Joseph Leiter, Maximilian Nitze a German urologist is acknowledged as the 
inventor of the first modern rigid endoscope (cystoscope) to inspect the interior of the urinary bladder 
via the urethra. With further development over the last 150 years, they currently play a vital role in 
screening, diagnosis and surgical treatment of many diseases non-invasively or minimally-invasively.  
Most modern endoscopes comprise an illumination channel, an imaging channel, and sometimes 
an irrigation channel and a working channel for the insertion of medical instruments or manipulators. 
The illumination channel requires high coupling efficiency and transmission in the visible range from 
the light port which is connected to an external light source through a light guide (fibre bundle or 
liquid light guide) to the distal end of endoscope. The spatial distribution of light radiance 
illuminating the tissue should also be sufficiently wide and uniform. The most common choice to 
fulfil these requirements is the incoherent fibre bundle. The design of the imaging channel is more 
complex. It consists of an objective lens, relay optics and an eyepiece. Generally, the objective lens 
system employs a plane-concave lens to widen the field of view, followed by a positive focusing lens 
system which is able to make the rays converge, and deliver a demagnified real image to the 
successive relay optics. The objective is designed as telecentric in image space to allow better 
connection with the relay system. Therefore, the aperture stop is normally located at the back focal 
plane of the first plane-concave lens. The relay optics of the imaging channel varies depending on the 
type of endoscope.  
As the name implies, the relay optical system of a rigid endoscope is mounted in a rigid outer 
tube. The rigid endoscope is preferred for many applications which do not absolutely require bending, 
e.g. laparoscopic surgery. The long and narrow nature of rigid endoscopes provided a challenge in the 
optical design of its relay optics because it is not easy to guarantee a reasonable aperture size to 
achieve a bright image with very large field of view. The conventional relay system is a group of thin 
positive lenses mounted in an inner tube. The optical invariant of this relay system is relatively small 
resulting in poor light throughput and suffers from a relatively large amount of vignetting [135]. An 
elegant solution was provided by a British physicist Harold Hopkins at Imperial College London in 
1960 by introducing the rod lens relay systems [136]. In 1967, the patent was bought and 
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commercialised by a German, Karl Storz, and is a milestone in the history of endoscope. The rod lens 
system is able to produce a larger optical invariant and negligible vignetting in addition to a simple 
assembly. At the same time, it inherits the advantages of conventional systems including preeminent 
resolution, wide field of view, wide range of working distances and low chromatic aberrations. GRIN 
lenses can be used to relay images as well. The primary challenge is the difficulty to produce a colour 
image due to the excessive dispersion of GRIN lenses. However, they offer advantages when working 
in environments requiring an extremely small dimensions, since a GRIN lens can be manufactured 
down to 0.2 mm in diameter [135]. Currently the rod lens based rigid endoscope is still the most 
popular rigid endoscope owing to their superior performance. As minimally invasive surgery has 
become more popular, they are becoming increasingly indispensible in the hospital.  
When bending is required, for instance, in colonoscopy and gastroscopy for non-invasive 
examination, the rigid endoscope is not suitable and a flexible endoscope is required. A traditional 
flexible endoscope, also called fiberscope, employs a flexible spatially coherent fibre bundle with an 
identical spatial arrangement of the fibres at the distal (objective) and proximal (eyepiece) ends of the 
bundle. Typically, such bundles consist of 3,500 to 18,000 fibres with the core diameter ranging from 
7 to 11 um, referring to the catalogue of a main manufacturer of coherent fibre bundles [137]. An 
individual optical fibre in the bundle preserves the intensity and colour of light in transmission and 
serves as a pixel, jointly enabling relay of a colour image from the objective to the eyepiece. The 
resolution of the image is strongly dependant on the core diameter and the number of optical fibres 
comprising the bundle, as constrained by fibre manufacturing techniques. It is impossible to 
manufacture a practical fiberscope with a high definition in the traditional sense to date. The 
individual fibre is also fragile and easy to break, and frequent bending can permanently disable pixels 
by causing fibre breakages.  
Videoscopes are an emerging type of flexible endoscope and overcome the problems of 
fiberscopes regarding the resolution and fragility by introducing electronic technology. The imaging 
channel of the videoscope is simply an objective in conjunction with a miniaturised imaging sensor at 
the distal end of the device. Digital images are generated and transferred electronically, so 
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complicated relay of real optical images is not necessary. As a result, the optical design of the 
objective is more flexibile. High definition images and videos can be achieved since the resolution is 
not limited by the fibre bundles, but the image sensor. These videoscopes have been widely used for 
industrial applications, and are gradually replacing medical fiberscopes with the exception of some 
special scenarios like micro-endoscopy. Although the cost of industrial videoscopes are not very high 
due to the simplicity of the techniques, those for medical purpose require special engineering process 
to become biocompatible, water proof and withstand extreme environments such as sterilization, 
making them inevitably more expensive than fibrescopes.  
There are several emerging specialised types of endoscopes available in the market. For example, 
stereo-endoscopes can achieve binocular vision by containing dual imaging channels. Capsule 
endoscopes which integrate a highly compact camera, a battery and wireless communication units in a 
pill size sheath are able to examine areas of the small intestine despite the existence of blind spots due 
to the nature of its passive motion nature.  
This thesis focuses on the construction of a polarisation resolved endoscopic imaging system 
based around a rod lens rigid endoscope represented by a rigid laparoscope with minimal alteration. 
The first issue arising was whether polarisation properties of the rigid endoscope interfere with the 
SOP of transmitted light. An ideal endoscope for polarisation imaging should have its illumination 
channel and imaging channel non-polarised or completely polarisation maintaining, expressed by 4×
4 identity Mueller matrices. Otherwise, either complicated calibration procedures or challenging 
miniaturisations of adjustable polarisation components at the distal end would be required. 
2.9 Polarisation property of rigid endoscopes 
Previously the polarization property of the imaging channels of two rigid endoscopes has been 
investigated experimentally [138]. Through measuring the Muller matrices of two laparoscopes from 
two prominent endoscope manufacturers Karl Storz GmbH and Olympus Ltd., it was revealed that 
both the laparoscopes demonstrate significant retardance, but negligible diattenuation, polarisance and 
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depolarisation. The outer protecting windows at both the distal and proximal ends of the Karl Storz 
laparoscope (Type: Karl Storz Hopkins II, 0° viewing angle, Part number. 26003 AA) were found to 
be made from a birefringent crystal (sapphire) resulting in the retardance, as interpreted from the 
Mueller matrices of the Karl Storz laparoscope in Fig. 2.6 (a).  
 
Figure 2.6 The measured Mueller matrix images for the Karl Storz laparoscopes with normal 
crystal windows shown in (a) and with customised fused silica windows shown in (b) [138, 
139]. Each elemental image shows one element of the matrix across the whole field of view. 
A customised laparoscope (Type: Karl Storz Hopkins II, 0° viewing angle, Part number: 
SN1490581) with the birefringent windows replaced by fused silica was produced by Karl Storz. The 
Mueller matrices were measured again and displayed in Fig. 2.6(b). The top left 3×3 sub-matrix 
essentially presents an identity form, which implies that the polarisation properties of the customised 
laparoscope are not significant and can be called non-polarised or polarisation maintaining for linear 
polarisations. The X-shaped patterns in m24, m34 and m44 are ascribed to the small acceptance angle of 
two achromatic quarter wave-plates in the measurement. The polarization effects of rigid endoscopes 
for linearly polarised light can be removed for linear polarisation imaging by simply replacing their 
crystal windows with non-birefringent material. Such endoscopes would significantly simplify and 
reduce the requirements for the design of the PSA since the PSA does not have to be miniaturised to 
match the dimensions of endoscopic tips. There will be more investigations on the polarisation 
properties of the laparoscope in Chapter 5 for complete 4×4 Mueller polarimetric imaging. All the 
work in Chapter 3, 4 and 5 is based around this customised laparoscope.   
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Chapter 3  
Polarized Light Scattering Spectral Endoscopy 
3.1 Introduction  
Epithelial tissue is one of the four main types of animal tissue, together with connective tissue, 
nervous tissue and muscle tissue [1]. Epithelial cells line and cover the inner and outer surfaces of 
body structures as well as forming glands. The majority of cancers stem from epithelial cells [2], 
which may also be named carcinomas. According to statistics from Cancer Research UK, carcinomas 
make up about 85% of cancers [2]. As introduced in Chapter 1, finding carcinomas at the early stages 
known as carcinoma in situ or high grade dysplasia can make a real difference as the surgical or other 
treatments is often much simpler and more effective to avoid the risk of carcinoma in situ 
transforming into an invasive cancer at this stage. The current method for detecting dysplasia in the 
gastrointestinal tract is investigational endoscopy which involves visual inspection and biopsy of 
highly risky tissue regions [3]. It is still challenging to identify the highly risky sites because dysplasia 
is not necessarily distinguishable under white light inspection [4].  
Cells in dysplasia are characterized by an enlarged nucleus with an irregular size and shape [5] 
resulting in different wavelength dependent scattering characteristics. In particular, it was reported 
that the influence of cell nuclei rather than the other smaller organelles in the cellular environment is 
dominant in the near-backward scattering spectrum [6-9]. Therefore, the backscattered spectra are 
able to reveal morphological information on the cell nucleus. In comparison to microscopy or flow 
cytometry, LSS is a more realistic technique accessible in situ in vivo in clinical practice.  
LSS has previously been utilized to investigate cellular structures in cultured cells and various 
tissues as reviewed in Chapter 2. However, if a large numerical aperture system is used to acquire 
scattering spectrum, the system averages over a large range of scattering angles, resulting in a loss of 
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the useful characteristic oscillatory patterns in the spectrum [10]. Hence, the majority of LSS systems 
are based on fibre optic probes or use multiple apertures incorporating with a spectrometer [7, 11-13] 
and is only able to conduct measurements point by point (raster-scan) rather than imaging, which 
makes the technique less practical. An exception to this is an imaging system developed by Gurjar et 
al. [14, 15] which compromises spectral resolution by using eleven 4 nm bandwidth bandpass filters 
to select illumination wavelengths in the range from 450 nm to 700 nm. This LSS imaging system is 
only able to sample a limited number of wavelengths, and is not available for endoscopic imaging. An 
endoscope-compatible LSS system was developed by Perelman et al. [8, 16]. It is not a real imaging 
instrument but an elaborate probe raster scanning system that is able to work in the working channel 
of a flexible endoscope. Although achieving a good performance, it is only able to acquire a restricted 
number of discrete sampling points suffering from long acquisition time and poor resolution. 
With the development of narrow band imaging and hyper-spectral imaging techniques, it has 
become feasible to acquire hyper-spectral optical image stacks with a high spatial and spectral 
resolution in a relatively large field of view (FOV). These methods have potential for more 
meaningful clinical utilization compared with point probe spectroscopic techniques, as images can 
help to contextualise the data. This chapter describes the construction of a polarisation imaging 
system based around a rigid endoscope to detect polarised light scattering spectra of tissue. The 
system was validated with different sized mono-disperse polystyrene microspheres. An image was 
reconstructed based on LSS to illustrate the ability of the system to differentiate the different 
microspheres. A preliminary experiment was conducted to demonstrate its capability to discriminate 
different types of cells. 
3.2 Feasibility analysis  
As is stated in Chapter 2, polarisation is utilised as a gating technique to decouple single-
scattering spectra of interest from multiple-scattering spectra, which serves as a crucial part of LSS. 
Therefore, the design of the PSG and PSA as well as the polarisation properties of the optical system 
between the PSG and the PSA has to be considered. LSS only requires illumination with a single 
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fixed SOP, so the PSG can be simply fixed linearly polarised lighting. Both co-polarised and cross-
polarised reflectance need to be analysed by the PSA. If the PSA can be placed at the proximal end of 
the endoscope, the PSA doesn’t have to be miniaturised to the dimensions of endoscopic tips. The 
premise of using a miniaturisation-waived PSA is that the polarisation properties of the optical system 
between the PSA and the PSG, that is, the imaging channel of the endoscope should be known. A 
non-polarised or polarisation maintaining endoscope for linear polarisations would be preferred. In 
this chapter, the customised Karl Storz laparoscope mentioned in Section 2.9 was employed to 
facilitate the requirements on the PSA design. The PSG is an acousto-optic tuneable filter (AOTF) of 
which the emergent light is linearly polarised. The PSA is a linear polariser mounted in a motorised 
rotation stage at the proximal end of the laparoscope. 
Another essential consideration of the LSS is that the backscattered photons should be collected 
over a small range of scattering angles known as the collection angle determined by the numerical 
aperture of an optical system. Therefore, the numerical aperture of the endoscope employed should be 
examined. Most of the objective lenses of rigid endoscopes require a small entrance pupil so as to 
minimize aberrations over the large field in the optical design of most endoscopes [17]. The entrance 
pupil of the customised laparoscope mentioned in Section 2.9 was measured to be 0.6±0.05 mm and it 
was located approximately 2 cm inside the distal end by using a ray tracing method [18]. Therefore 
when the endoscope was used at a normal working distance (typically several centimetres) the 
numerical aperture was sufficiently small to preserve information on the characteristic oscillatory 
spectral patterns and to allow observation of changes in this signal with the scatterer sizes. 
3.3 Experimental setup 
The experimental setup for the polarized endoscopic imaging system was shown in Fig. 3.1. A 
super-continuum laser (SC450-2, Fianium) and an AOTF (AOTF-VIS, Fianium) served as a 
wavelength-tunable light source and the PSG of the system. An AOTF is a solid state device based on 
the acousto-optical effect with no mechanically moving parts, and acts as a tuneable bandpasss filter 
electronically controlled by the radiofrequency applied to the acoustic transducer. The main 
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considerations of employing an AOTF are the short wavelength selection time (in microseconds) and 
superior spectral resolution from several nanometres up to 0.1 nm. The emergent light from the AOTF 
was collimated and linearly polarized. The AOTF can be automatically tuned across the visible range 
from 400-700 nm with a 4-10 nm bandwidth. The beam was expanded and delivered to the sample at 
an angle of 10° to the sample normal, where it illuminated a circular area with a diameter of 6 mm.  
An absorber was placed behind the sample to prevent background reflections for optically thin 
samples. The rigid endoscope was positioned orthogonally to the sample plane at a distance of 2 cm 
and the sample plane was imaged onto a CCD (Retiga-2000R, QImaging) using an objective lens 
(SM1NR05, Thorlabs). Thus the distance between the entrance pupil and sample plane is estimated as 
4cm. A linear polariser (25 mm PL, Tamron) mounted in a motorised rotation stage (PRM108/M, 
Thorlabs) served as the PSA which was set to analyse co-polarised and cross-polarised reflectance 
with respect to the incident polarisation. The PSA was placed between the eyepiece of the endoscope 
and the camera. A LabVIEW program was used to control the AOTF, the rotation stage and the CCD. 
 
Figure 3.1 Experimental setup for polarised scattering spectral endoscopy 
Two image stacks with the analyzer parallel and perpendicular to the illumination polarization 
were obtained for each measurement. In each stack, the illumination wavelength λ was tuned, and the 
image was grabbed every 2 nm from 450-700 nm. The incident polarisation is defined as ―horizontal‖ 
(or the reference x axis). The pixel values were read from the co-polarised stack IH (λ) and the cross-
polarised stack IV (λ) respectively. In this chapter, only non-absorbing samples were involved. For 
non-absorbing samples, the summation of IH (λ) and IV (λ) is a good approximation of the light source 
spectrum and the subtraction between IH (λ) and IV (λ) refers to the single-scattering light intensity. 
Hence, the ratio of the subtraction and summation is conventionally regarded as a good representation 
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of the single-scattering spectrum SSS(λ) [19, 20]. In the following results, the scattering spectra 
therefore refers to the ratio with arbitrary unit defined by, 
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The nature of the polarisation gating technique used here is partial Mueller polarimetry. If the 
incident light is defined as ―horizontally‖ linearly polarised, according to Eq. 2.3.1, the measurement 
of scattering spectra can be expressed by 
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Eq.3.1 can be rewritten as 
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Eq. 3.3 indicates that SSS is actually m22 of the Mueller matrix of the probing sample normalised by 
m11 represented by  22. If diattenuation, polarisance and retardance of tissue were ignored and tissue 
is treated as an isotropic partial depolariser, the measured SSS would represent the depolarisation 
power of the tissue. Attention has to be given when the tissue diattenuation m12 and polarisance m21 
are not zero. As introduced in Chapter 2, the Mueller matrices are sensitive to the reference coordinate 
system determined by the selection of the reference ―horizontal‖ axis. Hence, if multiple LSS 
measurements for the samples demonstrating diattenuation and polarisance are required, the 
orientations of incident polarisation with respect to world coordinates should be kept the same in each 
measurement so as to guarantee reproducibility of results.  
71 
 
3.4 Modelling the endoscopic multispectral signal 
The scattering process is modelled based on Mie scattering theory [7]. The approach described by 
Backman et al. [4] was referred to in order to model the scattered spectra collected by the endoscopic 
system. The electric field of a plane EM wave (linear polarized light) is characterised as Ein=Einexp 
(ikR-ωt), where Ein stands for the wave amplitude, k is the wave number, ω is the frequency, t is the 
time, and R is the distance from the scatterer to the entrance pupil of the imaging system. The 
scattered wave is represented by Eout. The scattering plane is defined by the wave vectors 
(propagation directions) of Ein and Eout. θ and φ are defined as the scattering angle and the incident 
polarisation angle (the angle between the polarization direction and the scattering plane) respectively. 
The supplementary angle of θ (named backscattering angle) is indicated in Fig. 3.2(a). The incident 
wave amplitude Ein were decomposed in the form of Jones vector represented by two orthogonal 
components Ein1 and Ein2 that are parallel and perpendicular to the plane of scattering respectively, 
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As reviewed in Chapter 2, the scattered wave components Eout1 and Eout2 which are parallel and 
perpendicular to scattering plane can be derived by means of scattering amplitude matrix of 
homogeneous spherical particles [21] 
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j1 and j2 denote Mie scattering amplitudes and are the function of θ. The amplitudes Eout1 and Eout2 are 
related to outE (co-polarised amplitude of the scattering light) and outE  (cross-polarised amplitude 
of the scattering light) which are the projections of scattering field onto the direction and the 
orthogonal direction of Ein respectively: 
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Substituting Eq. (3.4) and Eq. (3.5) into Eq. (3.6) yields 
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Then the co-polarised backscattering intensities IH (λ) can be derived from the products of outE  and 
its complex conjugate outE   
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and the cross-polarised backscattering intensity IV (λ) 
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Hence, the differential intensity ΔI between IH and IV in a single-scattering event is expressed by, 
   0 2 22 2 2 2 * 2 22 1 1 22 2 ( ) sin ( ) cos sin cos 4Re( ( ) ( ) )sin cosII j j j jk R               (3.12) 
Eq. 3.12 is a function of wavelength λ, scattering angle θ, incident polarization angle φ, and 
refractive index n. Since multiple-scattering events in turbid media doesn’t contribute to the 
differential intensity, ΔI fully represents single-scattering spectrum of the turbid media to be measured 
and corresponds to SSS(λ) in Eq. 3.1. 
The differential signal ΔI(λ) detected by the polarised light scattering spectroscopic endoscope 
depends on the size of the entrance pupil of the imaging system as well as the band-pass filtering 
function of the AOTF. A range of scattered light rays passing through the entrance pupil at different 
scattering angles θ and polarization angles φ contribute to the final detected signal as indicated Fig. 
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3.2(a). This range is characterised by a solid angle Ω, which is equivalent to the concept of numerical 
aperture and is defined by the entrance pupil and working distance. Since the scattered light has an 
angular distribution (an example is given by the blue polar plot in Fig. 3.2(b)), the detected signals 
suffer from a reduction in modulation caused by the integration over the collection solid angle Ω. This 
solid angle corresponds to the numerical aperture of the imaging system and is relatively small for 
standard laparoscopes, as discussed in Section 3.2. In addition to the averaging effect in spatial 
domain due to the infinite small numerical aperture, the spectral bandwidth of the tuneable filter also 
creates a signal modulation smoothing effect in wavelength domain due to the small but finite 
bandwidth of the filtered light. Assuming that the filtering function of the tuneable filter is fixed at 
each working wavelength, the effect can be described by a convolution with the filter response. 
Hence, the final signal can be expressed as follows, 
( ) ( )* ( , , )I T I d    

                                                 (3.13) 
where * denotes convolution, the ranges of integration of θ and φ are confined by Ω, and T(λ) denotes 
the bandpass filtering function of the tuneable filter. Considering the size distribution of scatterers is a 
function of the scatterer diameters denoted by F(DIA), Eq. 3.13 can be further written as: 
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Figure 3.2. (a) sketch of collection geometry of a rigid endoscope. A collection solid angle Ω 
is defined by the entrance pupil and working distance.  The scattered light rays within this solid 
angle are collected. θb in this figure is the supplementary angle of θ. (b) the blue polar plot is 
the angular scattering intensity distribution of 5 µm polystyrene microsphere at 532nm. If 
several peaks and troughs are collected by the endoscope, the eventual signal suffers from a 
reduction in modulation caused by the integration over the collection solid angle. (c) lab 
reference coordinate system used for modelling the scattering process. (d) Sketch of the 
substitution of the lab coordinate system for θ and φ. xobj, yobj, xcoll and ycoll were substituted for 
θ and φ based on analytic geometry. The incident light is parallel to the y-z plane. The plane of 
scattering is plotted as the red triangle. (xobj, yobj, 0) refers to the position of a scatterer on the 
sample plane within the system FOV, and (xcoll, ycoll, z0) indicates the position of a point inside 
the entrance pupil S. The polarization direction is defined to be parallel to x. The angle between 
the plane of scattering and the y-z plane φ’ can be derived first. φ is the angle between the 
polarization direction and the scattering plane. φ is derived according to the relationship of 
complementary angles. 
If Eq. 3.14 is transformed into the world coordinate system where the x and y axes are a pair of 
orthogonal vectors on the object plane, it yields: 
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(xobj, yobj,0) denotes the spatial position of the scatterers on the object plane within the system FOV as 
shown in Fig. 3.2(c), and (xcoll, ycoll, z0) refers to the coordinates of a point inside the entrance pupil 
enclosed by an area S which is the domain of integration, expressed as 2 2 20coll collx y r  , where r0 
denotes the radius of the endoscope entrance pupil. z0 is the distance between entrance pupil and the x-
y plane (the object plane) and corresponds to the working distance of endoscope. The collection solid 
angle Ω in Eq.(3.14) can be simply replaced by S since the distance from an object point to any point 
inside the entrance pupil highly approximate to a constant due to z0 is much larger than r0 resulting in 
the small angle approximation. xobj, yobj, xcoll and ycoll were substituted for θ and φ based on analytical 
geometry. In the lab reference coordinate system, the equation of the incident ray is determined by its 
position on the object plane (xobj, yobj, 0) and its propagation direction that is 10° to the normal of the 
object plane. The y-z plane is defined as a plane parallel to the incident ray (Fig. 3.2(d)). The equation 
of the scattered ray is decided by (xobj, yobj, 0) and (xcoll, ycoll, z0). Then the scattering angle θ and the 
equation of the plane of scattering can thus be obtained. The angle between the y-z plane and the plane 
of scattering, φ’, can be derived. Since the angle between the polarization orientation of the incident 
light and the y-z plane is φ0 (which is set to be 90
o
 in the experiment), φ equal to φ0-φ’ can be 
substituted by xobj, yobj, xcoll, and ycoll. The signal at a pixel directly on the image plane ( , , )obj objI x y  is 
obtained. 
3.5 Sample preparation 
Mono-disperse polystyrene microspheres are low absorption scattering particles widely used in 
lab for various validation experiments. This system was validated by such microspheres with the 
diameters ranging from 0.5 µm to 10 µm (refractive index n=1.59, Polyscience) diluted by distilled 
water (refractive index n=1.33). The aqueous microsphere samples were held in a 24-well plate (BD 
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Falcon) and the microspheres were homogeneously distributed before use by stirring with a spatula. In 
the image reconstruction experiment, two pipettes with sealed distal ends were used to hold 0.5 μm 
and 1 μm microsphere samples respectively. 
In the cell sample experiments, two types of cell lines OSEC2 (healthy ovarian cells) and A549 
(lung cancer cells) were utilised to construct tissue mimicking phantoms. The substrate layer of the 
phantom consisted of 2% agar and 0.5% intralipid to simulate the diffusive background scattered light 
in tissue, and the cell suspensions were placed on the top of the substrate. The cells were suspended in 
20% Bovine Serum Albumin (BSA) to reduce the mismatch in refractive index between cytoplasm 
and surrounding environment and minimize the unrealistic influence of scattering signals from the 
whole cell body. 
3.6 System validation with known size mono-disperse polystyrene microspheres  
In this validation experiment, the average value for a 10×10 pixel area in the centre of the FOV 
was extracted from the two stacks of images using Matlab. The SSS(λ) was further calculated to 
extract the single scattered spectrum according to Eq. 3.1. The scattering spectra of polystyrene 
microspheres with different sizes are demonstrated in Fig. 3.3. The spectral pattern is unique for each 
size. The simulation for the 0.5 um, 1 µm and 2 um beads based on the model discussed in Section 3.4 
shows a high similarity to the experimental data as shown in Fig. 3.3 (b, d, f). As predicted by Mie 
scattering theory, the modulation frequency of the oscillatory spectral patterns also exhibits a strong 
correlation dependence on the microsphere size, by observing the spectra of Fig. 3.3(a, c, e, g, i). In 
Fig. 3.3(g, i), the oscillatory spectral patterns of the 6 µm and 10um microspheres are not as 
conspicuous as those of the 0.5 µm, 1 µm and 2 µm ones. The spectrum exhibits poor contrast of the 
periodic peaks and troughs in the oscillatory pattern. This should be attributed to the convolution 
effect caused by the 6-10 nm bandwidth of the AOTF. The oscillatory pattern from 670-700 nm can 
be better distinguished because the oscillatory frequency decreases gradually as the wavelength 
increases according to Mie theory. Although the high frequency details in the oscillatory patterns of 
the 6 µm and 10 µm microspheres cannot be observed very clearly, the unique profiles of the spectral  
77 
 
  
(a) Experimental 0.5 µm microspheres (b) Simulated 0.5 µm microspheres 
  
(c) Experimental 1 µm microspheres (d) Simulated 1 µm microspheres 
  
(e) Experimental 2 µm microspheres (f) Simulated 2 µm microspheres 
  
(g) Experimental 6 µm microspheres (h) Simulated 6 µm microspheres 
  
(i) Experimental 10 µm microspheres (j) Simulated 10 µm microspheres 
Figure 3.3 Scattering spectra of different sized polystyrene microsphere samples in water. (a, c, 
e, g, i) are experimental spectrum of 0.5 µm, 1 um, 2 um, 6um and 10um diameter 
microspheres respectively; (b, d, f, h, j) are simulated spectrum of 0.5 µm, 1 um, 2 um, 6um 
and 10um diameter microspheres respectively. 
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patterns still preserve information about their sizes. This validation experiment confirms that our 
polarized multispectral endoscopic system is able to resolve elastic scattering spectra that contain 
abundant information about scatterer sizes and that the acquired spectrum can be matched to the 
model. 
3.7 Image reconstruction 
 
Figure 3.4 (a) Representative polarization and spectrally resolved images from the stack of raw 
images used to extract the scattering spectra. The upper sample contains 0.5 µm microspheres 
and the lower one contains 1 µm microspheres. The region marked by blue and green squares 
was used to generate scattering spectra in (b); (b) The scattering spectra of the 0.5 µm (blue) 
and 1 µm microspheres (green), with the spectral regions around 660nm and 540 nm used to 
construct the ratiometric images indicated by the blue rectangles; (c) The ratiometric image 
after intensity merging. The ratios for the 0.5μm and 1μm microspheres are around 2 and 1.25 
respectively. 
The 0.5 µm and 1 µm microsphere solutions were filled in two neighbouring isolated pipettes and 
images were recorded with the endoscope system using a 6×3 mm
2
 FOV and 2 cm working distance. 
The FOV in this study is mainly constraint by the illumination area. Some of the raw images from the 
image stack are displayed in Fig. 3.4(a), showing the 0.5 µm well at the top and the 1 µm well at the 
bottom, although the two scatterer types could not be distinguished. After extracting the scattering 
spectra, a clear difference between the wells could be observed as shown in Fig. 3.4(b).  These spectra 
were obtained from two 10×10 pixel regions (corresponding to about 0.1×0.1 mm
2
) indicated by two 
squares in Fig. 3.4(a) in the first place. In order to illustrate how these data can be reconstructed as an 
image, a ratio between the mean SSS value in 655-665 nm region and the mean SSS value in 535-545 
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nm region was calculated for each pixel, as indicated by the grey rectangles in Fig. 3.4(b). The 
resulting images are displayed in Fig. 3.4(c) in which the background signal has been intensity 
thresholded out. The ratios for the 0.5μm and 1μm microspheres are around 2 and 1.25 respectively. 
The two different sized microsphere samples can be apparently resolved in the image illustrating the 
robustness of the SSS across the FOV. 
 
Figure 3.5 Variation in scattering spectra of 6 µm microspheres extracted at five different 10 
×10 pixel regions as indicated by the five red squares in the central image. 
When the images for the 6 µm and 10 µm microspheres were being reconstructed, the spectral 
patterns across the field of view were found to vary significantly. For instance, the scattering spectra 
for the 6 µm microspheres extracted from five different 10×10 pixel regions within the FOV were 
displayed in Fig. 3.5. The scattering spectra are not identical and the most possible explanation for 
this is that the scattering angles at these positions are not exactly the same, resulting in very different 
spectral patterns even in this relatively small FOV (5×5 mm
2
). The range of scattering angles within 
the FOV were calculated based on analytical geometry and parameters used in the current setup as 
exhibited in Fig. 3.6(a). It was found that the variation from one side to the other of the FOV is 7° 
indicated in Fig. 3.6(c). In order to confirm the assumption further that the variation of the scattering 
angle within the FOV can cause the observed variations in scattering spectrum, the scattering spectra 
were simulated for an angle of 170° (centre of the FOV), as well as at 165°, 166°, and 175°. This 
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process was also repeated for the 1 µm and 6 µm microspheres and the results are displayed in Fig. 
3.7. The scattering spectra for the 1 µm microspheres demonstrated the similar pattern with the 
amplitude increasing as the scattering angle rises. In contrast, the spectral patterns of the 6 µm 
microspheres changed significantly. Even though the scattering angle increased by 1
o
, the similarity 
among the spectra was hardly observed, which was consistent with the experiment. 
 
Figure 3.6 (a,b) Schematic for parallel illumination and fibre illumination respectively. The 
black spot near the distal end of the laparoscope represents its entrance pupil. (c,d) Scattering 
angle distribution for parallel illumination and fibre illumination respectively. 
One possible solution in minimising the variation in scattering angle across the FOV is to employ 
an illumination delivery fibre rather than using a collimated light source, and the fibre illumination 
delivery is always preferred in the design of endoscopic systems due to the constraint in the 
dimension. To illustrate that the variation in scattering angle would be reduced if an optical fibre is 
employed, another simulation was run using the geometry indicated in Fig. 3.6(b). In the simulation, 
the numerical aperture at the distal end of the optical fibre was 0.12, and the fibre tip and entrance 
pupil of the laparoscope were both 4 cm away from object plane. The fibre was tilted for 10
o
 with 
respect to the long axis of the endoscope which was normal to the object plane as shown in Fig. 
3.6(b). The results of the simulation are demonstrated in Fig. 3.6(d) indicating an even scattering 
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angle distribution. The variation across this 5×5 mm
2
 FOV is smaller than 0.5
o
, while for parallel 
illumination it reached 7°. Since the emergent light from the AOTF is linearly polarized, a 
polarization maintaining fibre can be employed to efficiently deliver the light for illumination. 
 
Figure 3.7 Simulated scattering spectra of 1 µm (a), 6 µm (b) at different scattering angles: 
165
o
 (red), 165
o
 (cyan), 170
o
 (blue) and 175
o
 (black) respectively. 
3.8 Preliminary cell experiment 
The photos of cell suspensions were taken with a phase contrast microscope and shown in Fig. 
3.8 to confirm that 20% BSA is able to reduce the refractive index mismatch between cytoplasm and 
surrounding medium so as to reduce the impact from cytoplasm scattering, which has been reported to 
have a small contribution compared to nuclei in tissue scattering [19].  
Measurements were conducted on three batches of A549 and OSEC2 cells. Only average pixel 
values within a 10×10 pixel area (corresponding to 0.1×0.1 mm
2
 roughly) in the centre of the FOV 
were extracted. The scattering spectra were obtained as shown in Fig. 3.9. The spectra marked by 
green in Fig. 3.9(a) and marked by green and blue in Fig. 3.9 (b) have a larger average of SSS values. 
This is caused by the variation of optical thickness OT=usz with us the scattering coefficient and z 
thickness of cell suspensions. OT is related to the concentration and the thickness of cell suspensions. 
Fewer multiple-scattering events in the suspension with a smaller OT mean the suspension has less 
possibility to depolarize the incident light and thus demonstrates a larger average SSS value. OT does 
not have a significant influence on the spectral pattern. This may be the reason why the spectral 
profiles of OSEC2 cells maintain a similar pattern with a peak at 600 nm and a trough at 650 nm. By 
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contrast, the spectral patterns of A549 cells have a smooth increasing trend. The difference between 
the two types of cells can be consistently observed which may be from the scattering of different sized 
nuclei, and these are similar to previous results reported in [4]. Similar to that of 6um microspheres 
shown in Figure 3.5, the scattering patterns over the field are not uniform, which may indicate that the 
light scattering is more similar to the larger microsphere samples. Because the cell suspensions were 
not very concentrated, part of single-scattering signals may also come from intralipid substrate, 
although the results indicate that the weak cell scattering signal can still be detected. 
 
Figure 3.8 Photos of cell suspension recorded with a phase contrast microscope.(a) OSEC2 
cell suspension; (b) OSEC2 cells in 20% BSA; (c) A549 cells; (d) A549 cells in 20% BSA.The 
concentration of cells in (a-d) is the same. 
 
Figure 3.9 Scattering spectra of 3 batches with that of each batch indicated by green, red and 
blue respectively of (a) OSEC2 and (b) A549 cells in 20% BSA solution 
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3.9 Summary 
This chapter has shown for the first time that polarized light scattering spectroscopic imaging in a 
rigid endoscope is feasible. Polystyrene microspheres of different sizes were successfully 
discriminated based on their polarised LSS spectra, and images could be created from these spectra. A 
preliminary experiment on different cell types also demonstrated that the system can differentiate 
between these, probably due to the different size distributions of the scatterers. A fibre illumination 
system was proposed for reducing the FOV dependent change in scattering signals. 
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Chapter 4  
3×3 Mueller Polarimetric Endoscopy 
4.1 Introduction of 3×3 Mueller polarimetry  
As stated in Chapter 2, Mueller polarimetric imaging has enormous potential for tissue sensing 
and characterisation. The translation study of this technique has not progressed into an in vivo stage, 
which is strongly desirable for further validation, potential preclinical trials and clinical practice of 
this imaging modality in the future. A primary obstacle is the lack of a suitable endoscopic system to 
implement Mueller polarimetric imaging. Such a system would normally require endoscope-
compatible designs of the PSG and the PSA, which should be highly complex and expensive. The 
utilisation of a endoscope with non-polarised imaging channel will be able to simplify the design of 
the PSA, which will allow one to analyse SOPs of tissue reflectance at the proximal end of the scope 
without complex miniaturisation [1, 2]. However, since the illumination channel depolarises the 
incident light significantly, inevitably the PSG was to be miniaturised and placed at the distal end of 
the illumination channel. As is reviewed in Chapter 2, the configurations of the PSG for Mueller 
polarimetric imaging in free space are typically a combination of rotatable and removable polarization 
elements or a couple of phase modulators/variable retarders made from liquid crystals, electro-optical 
crystals, photo-elastic crystals etc. These techniques are difficult to implement in an endoscopic 
environment due to the challenges changing the distal optics in the mechanical configurations and size 
restrictions of variable retarders. 
3×3 Mueller polarimetry measuring the top left 3×3 sub-matrix of a complete 4×4 Mueller matrix 
is also capable of revealing a large proportion of useful polarization information. One way to interpret 
3×3 Mueller matrices of turbid media based on polar decomposition was proposed by Ghosh et al. [3]. 
It was validated experimentally that the retardance, linear depolarisation and linear diattenuation of 
turbid media could be quantified with reasonable accuracy [3]. 3×3 Mueller polarimetry can be 
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implemented involving linear polarization alone and therefore significantly simplifies the system 
design and the measurement procedures by obviating the need for phase retarders. Due to the 
technical difficulty and cost to design and manufacture an endoscope-compatible miniaturised PSG 
for complete 4×4 Mueller polarimetric endoscopic imaging, the protocol of 3×3 Mueller polarimetry 
was adopted in this chapter to detect tissue depolarisation and retardance, the most valuable 
polarisation parameters. Additionally, the acquisition time is shorter, and the calibration for 3×3 
Mueller polarimetry could be simpler and more accurate than that for 4×4 Mueller polarimetry which 
will be discussed in Section 4.11.  
In this chapter, a prototype of a narrow band 3×3 Mueller polarimetric endoscopic imaging 
system was constructed and validated with depolarising, linear polarising targets and a rat abdomen ex 
vivo. This work showed that it is feasible to implement polarimetric imaging in a rigid endoscope 
conveniently and economically to reveal information of interest on biological tissue. 
4.2 3×3 Mueller calculus and 3×3 Mueller polarimetric system optimisation 
As discussed in Chapter 2, Eq 2.5.6 models how a Mueller polarimeter works. 
PSA sample PSGP M M M                                                     (4.2.1) 
The ranks of the PSG and PSA instrumental matrices MPSA and MPSG should be no less than 4 as the 
minimum requirement to guarantee the existence of a unique solution that is the 4×4 Mueller matrix 
of interest Msample. For simplicity and without the loss of generality, it is assumed here that the MPSA 
and MPSG are square matrices. If the PSG can merely generate linearly polarised light, and the PSA is 
only comprised of linear polariser(s), the partitioned form of Eq. 4.2.1 becomes  
3 3 3 3 3 3 3 3
44
0 0 0
0 0 0 0 0 0
PSA PSG
T
P M M M
m
          
       
       
X
Y
                        (4.2.2) 
where the top right and bottom left partitions of Msample X and Y are the column vectors [m41, m42, m43] 
and [m14, m24, m34] respectively. One obtains 
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3 3 3 3 3 3 3 3PSA PSGP M M M                                         (4.2.3) 
Eq. 4.2.3 has the same form as Eq. 4.2.1 characterising the working principles for 3×3 Mueller 
polarimetry. It is noted that the sufficient condition of Eq. 4.2.3 is that the light emergent from the 
PSG does not contain any circularly polarized component so that the 3×3 Mueller matrix M3×3 exactly 
corresponds to the top left 3×3 sub-matrix of the complete 4×4 Mueller matrix Msample, and there is no 
requirements for the PSA. The minimum requirement for the rank of the PSG and PSA instrumental 
matrices reduces to 3 for 3×3 Mueller polarimetry. 
The optimisation of PSG and PSA for 3×3 Mueller polarimetry is based on the determinant and 
the 2-norm condition number of their instrumental matrix in this chapter. The optimisation is simpler 
for 3×3 Mueller polarimetry as the objective functions including determinant and condition number 
are the single variable functions of the polarisation angle of the linear polariser φ which is the angle of 
its transmitting axis and the reference ―horizontal‖ axis. The optimisation of the PSA containing three 
linearly independent PSA state vectors is demonstrated here. The polarisation angle of the linear 
polariser corresponding to the first PSA state is arbitrary and can be set as the reference ―horizontal‖ 
direction. The PSA instrumental matrix is expressed by 
1 1
2 2
1 1 0
1 cos 2 sin 2
1 cos 2 sin 2
PSAM  
 
 
 
 
  
                                         (4.2.4) 
φ1, φ2 are the azimuth angles corresponding to the second and third linear polarising states in the PSA. 
The corresponding determinant of MPSA is 
1 1
2 2 2 2 1 1
cos 2 sin 2 1 0 1 0
cos 2 sin 2 cos 2 sin 2 cos 2 sin 2
PSAM
 
     
                       (4.2.5) 
The geometrical interpretation of Eq. 4.2.5 is that the determinant of MPSA is the summation of 
three oriented areas of the parallelograms defined by each pair of three unit vectors on equatorial 
plane (S2-S3 plane) of the Poincare sphere. The maximum determinant can be reached when the first 
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and the third terms are positive (0<2φ1<π), and the second term is negative (π<2φ2<2π), and the 
maximum area is twice the triangular area enclosed by the end point of three PSA state vectors on the 
equatorial plane of Poincare sphere. It is well known that the inscribed equilateral triangle of a unit 
circle possesses the largest area among all the other triangles enclosed inside a circle. Hence, the 
optimal angles for the second and third linear polarising states are 60° and 120° respectively 
according to the principle of maximum determinant. The condition number based on 2-norm was 
calculated numerically. The minimum value 1.4142 is reached and the optimal polarisation angles are 
the same as those derived from determinant optimisation. If taking advantages of four PSA state 
vectors, the optimal polarisation angles are -45°, 0°, 45°, and 90°. The condition number is the same 
1.4142, which suggests that deploying one additional PSA state does not improve system performance 
significantly and might even accumulate errors at some circumstances on the contrary. The 
optimisation method for PSG is the same as PSA.  
During this pilot study, PSG and PSA states were selected according to the definition of Stokes 
parameters rather than the optimal ones. The PSG states were selected to be ―horizontal‖ (H), +45° 
(F
+
) and ―vertical‖ (V) linear polarisations. The states of the PSA were chosen to be H, -45° (F–) and 
V linear polarisations. The selected polarisation states are conventional and widely used in both 3×3 
and 4×4 Mueller polarimetry [3-7]. After all the required radiometric images have been acquired, the 
3×3 Mueller matrix M3×3 can be obtained according to Eq. 4.2.3 and is displayed in Table 1. All the 
elements but m11 in M3×3 shown in Table 4.1 may be further divided by m11 for normalisation. The un-
normalised m11 refers to the total (radiometric) intensity and is usually used as a reference to 
polarimetric images.  
Table 4.1 The solution of Eq. 4.2.3 that is used to calculate individual elements of a 3×3 
Mueller matrix. The first and the second letters of the double-letter terms stand for the state of 
the PSG and PSA respectively. F
+
 and F
– 
are both replaced by F for convenience. F always 
refers to F
+
 in the first letter position and F
–
 in the second letter position. 
m11=(HH+HV+VH+VV)/2; m12= (HH+HV-VH-VV)/2; m13= (FH+FV) - (HH+HV+VH+VV)/2; 
m21= (HH-HV+VH-VV)/2; m22= (HH-HV-VH+VV)/2; m23= (FH-FV) -(HH-HV+VH-VV)/2; 
m31=(HH+HV+VH+VV)/2-(HF+VF); m32=(HH+HV-VH-VV)/2-(HF-VF); m33=FH+FV+HF+VF–2FF–
(HH+HV+VH+ VV)/2; 
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4.3 Polar decomposition of the 3×3 Mueller matrix 
Swami et. al extended the polar decomposition to 3×3 Mueller matrices [3] based on the assumption 
that the depolarization of linearly polarized light is not dependent upon the orientation angle of the 
incident polarization, from the original method for interpreting 4×4 Mueller matrices developed by Lu 
and Chipman [8]. This assumption is reasonable in turbid media where depolarization is mainly 
induced by multiple-scattering. The depolarization is normally isotropic about the azimuth angle of 
the incident linearly polarised light [3]. Previous work has also suggested that this assumption does 
not break down for birefringence induced depolarization based on experiments on birefringent and 
non-birefringent tissue phantoms as well as Monte Carlo simulations [9, 10]. The linear diattenuation 
matrix MD can be interpreted and reconstructed from the first row of the 3×3 Mueller matrix. MD is an 
identity matrix for non-diattenuated samples. The residual matrix M’ in which the diattenuation has 
been decoupled comprises depolarization (MΔ) and retardance matrices (MR), 
1' D RM MM M M                                                      (4.3.1) 
Swami et. al referred to Lu-Chipman decomposition represented by Eq. 2.3.20, and constructed a 
matrix MΔR to cancel the MR components in Eq. 4.3.1, 
'( ')TRM M M                                                         (4.3.2) 
The eigenvalues of MΔR reveal the principle polarisation maintaining power Δ for linear polarization 
varying from 0 to 1, and are used to reconstruct MΔ. MR can be solved according to Eq. 4.3.1 if MΔ is 
obtained. The phase retardance value δ between fast and slow axes for birefringence can be 
determined from MR, 
1 2 2
22 33 23 32cos ( ( ) ( ) 1)R R R RM M M M                                       (4.3.3) 
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Δ and δ can represent the depolarization and retardance properties and were used to reconstruct 
images in this chapter. This decomposition method has been used by a number of works and shows 
reasonable accuracy according to the literature [3, 5, 6]. 
4.4 Setup of 3×3 Mueller polarimetric endoscopic system 
 
Figure 4.1 (a) The sectional view of the distal end of the endoscope. (b) The ring shaped linear 
polarising film fixed on the illumination channel of the endoscope. (c) The experimental setup 
of the narrow band 3×3 Mueller polarimetric endoscope. 
Fig. 4.1 displays the setup of the narrow band 3×3 Mueller polarimetric endoscopic system. A high 
pressure mercury lamp (Lumen 200Pro, Prior Scientific) and a filter wheel containing two bandpass 
filters with centre wavelengths at 546 nm and 628 nm (Semrock) provide 20 nm narrow band 
illumination. The bands were selected in order to achieve higher illumination power according to the 
emission spectrum of mercury and better spectral contrast in terms of tissue absorption in particular. 
The light is delivered to the illumination port of the customised Karl Storz laparoscope via a liquid 
light guide. A ring shaped linear polarizing film (extinction ratio 9000:1, TECHSPEC, Edmunds 
Optics) shown in Fig. 4.1 (b) was fixed on the top of the distal end of the illumination channel (double 
crescent shaped as displayed in Fig. 4.1(a)). The entire endoscope was rotated by a motorized 
precision rotation stage (PRM1/MZ8, Thorlabs) to generate 0° (H), 45° (F) and 90° (V) linear 
polarised light. 
The PSA was another motorized fast-change filter wheel (FW103H/M, Thorlabs) containing 
three linear polarisers orientated 0° (H), −45° (F) and 90° (V). An aluminium coated flat mirror which 
possesses nearly identical reflectivity for p and s polarization was employed to align the major axes 
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(e.g. the horizontal axis and the +45 axis) of the PSG and PSA. The rotation stage, analyser filter 
wheel, objective lens and a CCD (Retiga Exi, QImaging) were connected with lens tubes to guarantee 
alignment precision. LabVIEW was used to synchronize the light source, rotation stage, analyser filter 
wheel and CCD, and to calculate and display the 3×3 Mueller matrix images at the same time. A piece 
of white paper and a linear polarizer (TECHSPEC, Edmunds Optics) were used to validate the system. 
When the working distance (denoting the distance between the distal end of the endoscope and the 
imaging target) was 5 cm, the dimension of the field of view was 5.5×5.5 cm
2
. Typical exposure time 
for one image was 0.2 s. It took the motorized rotation stage about 3 s to rotate 45° and required 0.3 s 
for the filter wheel to switch the polarization analyzers. Thus the total (typical) acquisition time for 
one wavelength was 11.6 s. The acquisition time can be decreased and will be discussed in Chapter 6. 
4.5 Off axis correction 
The laparoscope is typically tens of centimetres long. In the system, the rotation stage was mounted to 
the eyepiece end of the laparoscope. Due to mechanical errors in the system and the slight bend in the 
shaft of the laparoscope, the optical axis which determines the centre of the field of view (FOV) did 
not coincide with the rotation axis of the endoscope. As displayed in Fig. 4.2, the optical axis traced a 
circle (with a radius r) about the axis of rotation when rotating the laparoscope, meaning that the HX 
(including HH, HF, HV), FX (including FH, FF, FV) and VX (including VH, VF, VV) images were 
offset from each other, resulting in incorrect Mueller polarimetric images. Fig. 4.3(a) shows the 
impact of the offset on the m12 image as an example. Image registration is a widely used technique in 
computer vision and medical imaging to transform different data sets into one uniform coordinate 
system, and can be used to correct translations of FOV of FX and VX with respect to HX. For a flat 
object perpendicular to the rotation axis, the offset is constant over the FOV and can be simply 
corrected by a linear translation to register HX, FX and VX images. However, for non-flat objects, the 
offset will increase with distance from the distal end of the laparoscope, such as tissue. For the 
constructed system, the intersection angle between the optical and rotation axes was estimated to be 
3°. The spatially varying offset for non flat objects can then be calculated as r+WL*tan(3°), where WL 
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denotes the surface relief. Since the intersection angle is small, the variation of the offset will also be 
small only if WL is within the scale of centimetres, which is the case when studying the anatomical 
structures. For this reason, a simple linear translation operation was sufficient to register the HX, FX 
and VX images.  
As an example, Fig. 4.3(a) demonstrates a digitally zoomed-in m12 image (m12=HH+HV-VH-VV) 
before registration in a polarimetric measurement. The features like the blood vessels, the profile of 
local structures, etc. were recognised manually or automatically and were used to determine the 
specific offsets. The VX images were translated accordingly in the m12 image coordinates, so that the 
recognised features in the VX images overlapped with those in the HX images, resulting in Fig 4.3(b). 
The same procedure was repeated to the FX images which were translated in the reconstructed m13 
image (m13=(FH+FV) - (HH+HV+VH+VV)/2) instead.  
 
Figure 4.2 The schematic of the off rotation axis effect. 
 
Figure 4.3 An example showing the correction process of the translations of the FOV. It is 
noted here that only a part of the FOV (about 2×2 cm
2
) is displayed here in order to make the 
features better visualised. 
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The centre of the illumination field is also not perfectly located at the centre of FOV leading to 
the displacement of the field of illumination (FOI) during the laparoscope rotation. The displacement 
of the FOI can be corrected through normalizing the images by their total reflection under H, F, and V 
illumination respectively. If the total reflections under H, F, and V illumination are identical, the 
derivation of the normalized Mueller matrix can be written as shown in Table 4.2.  
Table 4.2 Mueller Matrix reconstruction for non-diattenuated samples. 
m11=(HH/(HV+HH)+HV/(HV+HH) 
+VH/(VH+VV)+VV/(VH+VV))/2; 
m12=(HH/(HV+HH)+HV/(HV+HH) 
-VH/(VH+VV)-VV/(VH+VV))/2; 
m13=(FH+FV)/(FH+FV)- m11; 
m21=(HH/(HV+HH)+HV/(HV+HH) 
+VH/(VH+VV)-VV/(VH+VV))/2; 
m22=(HH/(HV+HH)-HV/(HV+HH) 
-VH/(VH+VV)+VV/(VH+VV))/ 2; 
m23=(FH-FV)/(FH+FV)-m21; 
m31= HF/(HV+HH)+VF/(VH+VV))- m11; m32=(HF/(HV+HH)-VF/(VH+VV))-m12; m33=2FF/(FH+FV)-m11-m13-m31; 
The FOI correction should only be applied to the sample where the magnitude of diattenuation in 
tissues the other two polarization phenomena is negligible, which is the case for the majority of 
tissues [11-14] as stated in Chapter 2. Table 1 can be used when this assumption breaks down. 
4.6 Validation experiment with a depolarising target—white paper 
The system was firstly validated with white paper that is a typical diffuse reflection target. The off 
axis effects of FOV and FOI were corrected according to the methods described in the last section. 
Since paper does not demonstrate strong diattenuation, the equations in Table 2 were used. With the 
target paper normal at 0° to the optical axis of the system, 3×3 Mueller polarimetric images were 
reconstructed and displayed in Fig. 4.4 (a). It is noted that the equations in Table 2 demonstrate a 
Mueller matrix that has been normalised. According to the convention stated in Section 4.2, m11 
displays a radiometric image rather than the m11 after normalisation (which is always 1). This 
convention is also applied to the other Mueller polarimetric images in this thesis.  
Horizontal line profiles of the matrix element values across the middle of the polarimetric images 
were extracted and are shown in Fig. 4.4(b) so as to analyse the images more clearly. The Mueller 
matrix displayed a strongly diagonal form with m22 equal to m33, which infers that the paper is 
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essentially a partial depolarizer rather than a Lambertian surface corresponding to a perfect 
depolarizer from the perspective of polarisation optics [12], and kept the same depolarization power 
for linearly polarized illumination light with different polarisation (azimuth) angles. The polarisance 
and retardance are sufficiently small to neglect. The depolarisation powers are considered to be strong, 
and over 90% of DOP of the incident light is lost during the interaction between polarised light and 
the paper target according to the low values of m22 and m33 (also eigenvalues for the diagonal Mueller 
matrices representing polarisation maintaining power).  
The m22 and m33 value profiles are not flat but exhibit a peak at the central of the FOV (between 
the 350
th
 and the 450
th
 pixel). Their profiles demonstrate symmetric, and are different from the un-
symmetric profile of m11 which is the radiometric reference. Moreover, the m22 and m33 has already 
been normalised by m11. Therefore, the profiles should not be correlated to the incident radiometric 
intensity, but the polarisation property of paper or imperfectness of the imaging system. In order to 
investigate whether the non-zero profiles of m22 and m33 originated from the imperfectness, three more 
experiments were conducted with the target paper plane at 30°, 45°, 60° to the system optical axis. As 
this angle increases, the profiles of the m22 and m33 values shift towards the right-hand side of the 
images, and for 45° and 60° the peaks are apparently located beyond the FOV as shown in Fig. 4.5 
(a). The peak is coincident with the position where stronger specular reflections were located in 
addition to the diffuse reflectance. It is therefore inferred that the specular reflection causes the peaks 
in M22 profile in Fig. 4.4(b) and the shift in Fig. 4.5(a). 
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(a) 
 
Horizontal axis: the sequence number of pixels  
(b) 
Figure 4.4 (a) The 3×3 Mueller polarimetric image of white paper with its normal at 0° to the 
optical axis. m11 is obtained by (HH+HV)/2 instead of the equation in Table 2 to indicate the 
total radiometric intensity. (b) A horizontal line profile of the Mueller matrix element images 
across the middle of the polarimetric images. The horizontal axis in the graphs represents the 
horizontal sequence number of pixels. 
Since it is known that the target paper possesses identical depolarization power for linearly 
polarized illumination light with different polarisation orientations, m22 (and m33) can be regarded as 
the difference between co-polarized and cross-polarized signals as is demonstrated Table 1 and Table 
2. Specular reflection is co-polarized with the illumination polarisation and would be filtered in cross-
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polarized signals. Hence, specular reflection normalized by illumination intensity is equivalent to m22 
and m33 in a normalised Mueller matrix. This process was simulated based on the Phong model [15] 
so as to estimate the m22 profile across the FOV. Using the method in Appendix 4.1, the estimated m22 
and m33 profiles were obtained and presented in Fig. 4.5(b). Similar shifts of this peak during rotation 
to those in Fig. 4.5(a) were observed, which confirmed the peaks in profiles of m22 and m33 were 
caused by specular reflections rather than any artefact of the system. 
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 The sequence number of pixels 
(a) 
 The sequence number of pixels 
(b) 
Figure 4.5 (a) Experimental m22 profiles with the paper normal at 0°, 30°, 45, 60° to the optical 
axis. (b) The corresponding simulated m22 profiles. The horizontal axes represent the pixel 
number. In (a), the values on vertical axis denote m22. In (b), the values displayed on vertical 
axis are arbitrary because the equations in Appendix4.1 were derived based on direct 
proportionality.  
4.7 Validation with a standard polarising sample—linear polariser 
The system was further validated by imaging a rotating linear polariser target on the top of the 
white paper from 0° to 360° with a size of 10°. The light went through the linear polariser, was 
diffusely reflected by the white paper of which the Mueller matrix is represented by Mdiffuse, and 
emerged after transmission through the linear polariser again. According to Eq. 4.2.1, the 3×3 Mueller 
matrix given by the system is actually the top left 3×3 sub-matrix of an effective Mueller matrix Meff, 
which is the product of Min, Mdiffuse and Mout denoting the 4×4 Mueller matrices of the linear polariser 
for forward propagating light, the white paper and the linear polariser for backward propagating light 
respectively. The process can be expressed as  
98 
 
1 1
* *
eff PSA PSG
eff out diffuse in
M M PM
M M M M
 
                                                 (4.7.1)
 
The 3×3 Mueller matrix of white paper demonstrated diagonal form, as investigated in last 
section. The 3×3 Mueller matrix of the white paper was measured and it is possible to write its 4×4 
Mueller matrix as, 
1 0 0
0 0
0 0
diffuse
ukn
ukn
M
ukn
ukn ukn ukn ukn
 
 
 
 
 
 
                                            (4.7.2) 
ukn denote unknown elements. For the linear polariser used, Min is equal to Mout providing that the 
positive directions of H and V axis are not dependent on the propagation direction represented by 
wave vector k of the light, but are fixed in the laboratory frame of reference. In other words, the signs 
among the Stokes parameters are independent of propagation direction. This stipulation has been 
taken by many works by default [7, 9, 10, 12-14, 16-24], though it may be a little different from the 
convention in some text books [25, 26] in which the chirality of the coordinate system (H-V-k) 
maintains during reflection. The 4×4 Mueller matrix of the linear polariser can be written in a form of 
a rotated one with azimuth angle φ from the horizontal axis. Rot refers to a rotation transformation 
along the equatorial plane of Poincare sphere, as indicated in Chapter 2. Therefore, Min and Mout can 
be derived from the Mueller matrix of a horizontal linear polariser MHLP, 
( 2 ) (2 )in out HLPM M Rot M Rot                                           (4.7.3)  
MHLP is determined by the maximum and minimum transmittance of the linear polariser Tmax and Tmin 
respectively and is written as, 
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       (4.7.4) 
According to Eq. 4.7.1 and Eq. 4.7.3, the effective Mueller matrix measured becomes 
( 2 ) (2 ) ( 2 ) (2 )eff HLP diffuse HLPM Rot M Rot M Rot M Rot                        (4.7.5) 
The product of the three matrices in the middle of the effective Mueller matrix expressed in a partition 
form is, 
2
2
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0 0 1 0 0 1
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          (4.7.6) 
Eye2 denotes a 2×2 identity matrix. Therefore, the effective Mueller matrix is obtained by,  
max min max min2
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max min
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0 0
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(4.7.7) 
Eq. 4.7.7  can also be written as 
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where  
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When Tmax>>Tmin, Eq. 4.7.9 will have a Mueller matrix with the same form to that of a horizontal 
linear polariser, described by 
1 1 0
(1 ) 1 1 0
0 0 0
HLP HLP Lm mm m
 
   
 
  
                                    (4.7.10) 
Therefore, if the extinction ratio of the linear polariser is high, after being normalised by m11, the 3×3 
Mueller matrix measured in this experiment is independent of the specific depolarisation property of 
the underlying white paper and is the same as a single linear polariser working in transmission mode. 
Thus the 3×3 Mueller matrix can be simulated easily, which means a linear polariser in conjunction 
with a diffuse reflection object can be used to validate or calibrate a 3×3 Mueller polarimetric imaging 
system in a reflection mode.  
The experimental results were processed first to correct the displacement of the FOV. Since the 
imaging target is a strongly diattenuated sample (linear polarizer) breaking the premise of the 
equations in Table 4.2, the displacement of the FOI was not corrected. The equations in Table 4.1 
were used and the matrix elements were normalized by m11.  
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(c) (d) 
Figure 4.6 (a) Experimental results of the 3×3 Mueller matrices of a rotating linear polarizer on 
top of white paper. Horizontal and vertical axes in the figure denote the polarisation angle of 
the linear polarizer target and averaged Mueller matrix element values respectively. (b) 
Simulated results of a rotating linear polarizer on the top of the white paper. (c) The Mueller 
matrix polarimetric images with the polarizer transmission axis approximately parallel and (d) 
perpendicular to the system H axis. 
The changes in Mueller matrix elements with azimuth angle of the linear polariser were obtained 
by processing a 30×30 pixel region in the centre of the FOV and are shown in Fig. 4.6(a). The pattern 
demonstrates a good fit to the simulated one displayed in Fig. 4.6(b). It can be observed that the 
elemental errors and noise accumulate as the number of measurements needed in the Mueller matrix 
reconstruction equations increases. It has been discussed earlier that the optimised angles were not 
taken in this pilot system. From Table 1, [m11, m12, m21, m22], [m13, m23, m31, m32], and [m33] are 
obtained with four, six and eight measurements respectively, since the current setting of the PSA and 
the PSG happened to be optimal for the top left four elements instead of all nine elements. Intuitively 
speaking, the number of measurements could be reduced to four, four and six respectively if an 
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additional F
–
 analyzer is employed, creating one of the optimal settings discussed from the 
perspective of the condition number method, although the acquisition time would increase. The 
Mueller matrix polarimetric images with the polarizer transmission axis approximately parallel and 
perpendicular to the system H axis are displayed in Fig. 4.6 (c,d). The spatial distribution of m13, m23, 
m31, m32 values are not as constant as expected, which mainly result from the uncorrected FOI 
displacements caused by the off-axis effects. 
4.8 Ex vivo rat tissue experiment 
After the abdomen of a Sprague-Dawley rat had been exposed by an incision 0.5 hour post mortem, 
the Mueller polarimetric images were acquired. The rat was used for experiments conducted by a 
separate research group, and was prepared and terminated under UK Home office animal license. The 
ex vivo tissue was collected after the termination. Three regions of the rat abdomen including parts of 
the large bowel, small bowel, liver, stomach and fat were imaged with the system and are displayed in 
Fig. 4.7. The translation of the FOV was first corrected through image registration based on the 
features of the organs or the blood vessel patterns. The equations in Table 2 were used to reconstruct 
Mueller matrix images so as to correct the translation of FOI since tissue diattenuation is negligible as 
a rule of thumb discussed in Chapter 2. The images were acquired at two typical illumination 
wavelengths, 546 nm where tissue absorption is strong due to the existence of hemoglobin, and 628 
nm where most abdominal tissue absorbs light more weakly. The illumination within 578/20 nm and 
678/20 nm band was also tried but the images are not displayed here. The images at 578/20 nm were 
not seen to be distinct from that at 546/20 nm, neither are the ones at 678/20 nm from 628/20 nm, 
because the variation of tissue optical properties especially absorption between these neighbouring 
bands is not huge. Contrast among organs was expected to be observed in Mueller matrix images due 
to different absorption and scattering properties as well as morphological, structural and 
compositional differences, as a part of the initial testing of this system. 
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Figure 4.7 Radiometric images (546nm) of (a) Region 1; (b) Region 2; (c) Region 3 of the rat 
abdomen including small bowel (red arrows), large bowel (green arrows), stomach (purple 
arrows), liver (white arrows) and fat (blue arrows). 
 
 
Figure 4.8 (a) A typical raw radiometric image (546nm) with specular highlights is represented 
by the HH image of Region 2. (b) The specular regions are detected and dilated, and are 
indicated by the region enclosed by blue lines. (c) The inpainted images after local median 
filtering. (d) The reconstructed depolarisation images based on the raw radiometric images with 
specular highlights. (e) The reconstructed depolarisation images after the specular highlights 
have been removed. (d, e) are used here to demonstrate the effect of the specular highlight 
removal only. (e) is re-displayed in Figure 4.10 (j) for the discussion about the depolarisation 
information it conveys. 
Since some of the raw images suffered from saturated specular highlights as shown in Fig. 4.8(a) 
resulting in distracting artefacts in the Mueller matrix images as well as the derived depolarisation 
images as shown in Fig. 4.8(d) and the retardance images, a frequently-used image processing method 
was deployed to remove these from the images. Firstly, the highlights were detected by thresholding 
(d) (e) 
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the gray level of the HH image and these regions were then further dilated to the surrounding bright 
areas that were also affected by the specular reflection but with relatively lower intensity [15]. As 
demonstrated in Fig. 4.8(b), the detected specular regions are indicated by the area enclosed by the 
blue lines, and were inpainted based on Telea’s method [27]. Local median filtering was finally 
applied to fade away the sharp edges between the inpainted and normal regions. One of processed 
images is displayed in Fig. 4.8(c) as an example. The processed images were used to reconstruct the 
Mueller polarimetric images and the derived images as displayed in Fig. 4.8(e). 
It is noted that this method is employed solely to reduce the visually distracting effect of 
erroneous Mueller matrix values in these strong specular reflection regions. Not all the pixels affected 
by specular reflection can be detected, since the intensity of specular and non-specular components 
can be at the same level and mixed for some pixels. Digital inpainting is not able to recover the exact 
real values of these regions either.  
The obtained Mueller matrices are exhibited in Fig. 4.9 for most of the organs and are essentially 
diagonal with M22 equal to M33, which was also observed by Angelo Pierangelo et al. [17]. It is 
suggested that the depolarization property of tissue is dominant compared to the retardance and 
diattenuation. Most of the organs demonstrate wavelength sensitive Mueller matrices. Mueller 
matrices are further decomposed into depolarization and retardance using Ghosh’s polar 
decomposition method for quantitative analysis.  
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Figure 4.9 Mueller polarimetric images of Region 1 (a, b), Region 2 (c, d) 546 nm and Region 
3 (e, f) at 546 nm (a,c,e) and 628 nm (b, d, f). 
Depolarization images were reconstructed using the polarization maintaining power Δ. In Fig. 
4.10 (b,c), Δ of the small and large bowel appears to be the same at around 0.3 at 546 nm and 0.2 at 
628 nm. The depolarization ratio between 628 nm and 546 nm is 0.7 as seen in the ratiometric image 
in Fig. 4.10(d). The polarization maintaining power of fat approaches 0.1 at both wavelengths. Since 
the fat does not contain many strong absorbers at either wavelength, the absorption of the fat is 
weakest among the imaged organs so depolarized multiply scattered photons are the most dominant in 
total reflectance resulting in a small Δ both at 546 nm and 628 nm. Because the difference in 
absorption properties between the fat and the bowel is more significant at 546 nm (Fig. 4.10(b)) than 
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that at 628 nm (Fig. 4.10(c)), the bowel can be better resolved from the fat in the depolarization 
images at 546nm. The fat also demonstrates distinct heterogeneity compared with the other organs in 
the ratiometric depolarization images (fourth column in Fig. 4.10). The heterogeneity of the fat is 
likely to result from very strong depolarisation (corresponding to small Δ) at both wavelengths. Their 
Δ are so small that they could be comparable to the level of the random noise, resulting in larger 
numerical errors in the ratiometric image.  
Figure 4.10 The images in the first column are the raw radiometric HV images for reference 
with small bowel (red arrows), large bowel (green arrows), stomach (purple arrows), liver 
(white arrows) and fat (blue arrows) indicated. The second, third and fourth columns are 
depolarization images with 546 nm illumination, depolarization images with 628 nm 
illumination and depolarization ratiometric images (628 nm/546 nm) respectively. (a-d) are the 
images for Region 1. A region of interest is indicated by a red box in (a), magnified and 
presented in (e-h), the left and right part of which is small bowel and fat respectively. (i-l) are 
the images for Region 2. (m-q) are the images for Region 3.  
Radiometric images Depolarisation 546nm Depolarisation 628nm Ratiometric images  
    
 
(a) (b) (c) (d) 
    
(e) (f) (g) (h) 
    
(i) (j) (k) (l) 
    
(m) (n) (p) (q) 
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In contrast to the fat, the liver exhibits remarkably high Δ values especially at 546 nm (Fig. 4.10 
(j)). As the liver contains the most blood of all the imaged organs, the majority of multiply scattered 
photons undergo strong absorption by haemoglobin at this wavelength. The polarized singly scattered 
photons take up the largest portion of total reflectance and hence the liver presents a higher Δ value. 
In contrast, since haemoglobin does not absorb at 628 nm as much as it does at 546 nm, the polarized 
photons can be further depolarized and backscattered by deeper tissue resulting in a higher 
depolarization power (corresponding to a lower Δ). The depolarization properties of stomach do not 
show a huge difference from bowel in Fig. 4.10 (j,k). However, the ratiometric image (Fig. 4.10 (l)) 
reveals that the spectral features of stomach are more similar to the liver rather than the bowel. Fig. 
4.10 (m,n,p,q) illustrates that the parameter Δ and the ratiometric depolarization of fat and small 
bowel are reproducible. 
The above discussion about tissue depolarisation is based around an intuitive explanation of 
tissue absorption, and the purpose is mainly to demonstrate that the constructed endoscope is able to 
measure tissue depolarisation properties for further analysis. The contrast in depolarisation images is 
not the same as that in normal radiometric images. By comparing Fig.4.10 (a) and (b), the small bowel 
and the large bowel have different radiometric values but similar polarisation maintaining power Δ. 
According to studies using free space Mueller polarimetric imaging devices reported by others [12-
14,16,17], tissue depolarisation conveys rich information and can be used to investigate the cellular 
density, the thickness of the cancerous layer, the degree of surface ulceration, etc. [12-14,16,17], as 
reviewed in Section 2.7. Similar experiments and analysis require the supply of suitable human tissue 
and the collaboration of pathologists and thus are not covered in this study primarily concentrating on 
instrumentation. 
Visual inspection of Fig 4.10(j) suggests that there might be some relationship between the non-
planar tissue surface profile and tissue depolarisation. To the best of my knowledge, the influence of 
the non-planar tissue surface profile on tissue depolarisation has not been a subject of extensive 
investigation in this field. Here, by taking the stomach in Fig. 4.10 (j) as an example, one explanation 
why the non-planar stomach surface might have an influence on the depolarisation is provided below. 
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It is noted that this explanation has not been validated and this could be investigated further in the 
future, e.g. by conducting polarisation sensitive Monte Carlo simulations.  
The surface profile of the stomach is roughly spherical with a centre near the centre of the field of 
illumination. Consider two arbitrary points on the stomach with a separation around the mean free 
path length for incident photons, one closer to the central field of illumination (called Point A), and 
one further from the centre (Point B). The irradiance (unit Watt/m
2
) during acquisition at Point A is 
stronger than that at Point B due to the fact that the illumination fibre (bundle) essentially forms a 
(combination of) spot light source of which the radiant intensity (unit Watt/sr) roughly follows a 
Gaussian distribution in far field resulting in a larger radiant intensity at Point A, and the fact that the 
area illuminated per unit solid angle (unit m
2
/sr) at Point A is smaller than that at Point B. There is a 
portion of photons transported between Point A and Point B. These photons are multiply scattered and 
thus highly depolarised, and this is one potential route by which the tissue surface profile could 
influence the measured depolarisation.  
Here it is assumed that the optical properties of tissue at both the points are exactly the same. 
Without consideration of the photons transported between those two points, the polarisation 
maintaining degrees ΔB and ΔA should be independent from the irradiance at both the points and thus 
be equal, expressed as 
1
/ 1
1
/ 1
B
B
B B B B
A
A
A A A A
PM
DEP PM DEP PM
PM
DEP PM DEP PM
  
 
   
 
                                        (4.8.1) 
in which PMB denotes the number of polarisation maintaining photons that are mainly single-
backscattering at Point B, and DEPB is the numbers of multiple-scattering photons transported at Point 
B (photons incidents into B, are multiply scattered and then emerges from B). Both PMB and DEPB 
are proportional to the irradiance at Point B and therefore ΔB is independent of irradiance at Point B as 
stated above. PMA denotes the number of polarisation maintaining photons backscattered at Point A, 
and DEPA is the number of multiple-scattering photons transported from Point A. Similarly, both PMA 
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and DEPA are proportional to the irradiance at Point A, and ΔA is independent from irradiance at Point 
A. Nevertheless, with consideration of the photons transported between those two points, the 
polarisation maintaining degree should be corrected as 
_
_
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/ / 1
1
/ / 1
B C
AtoB B B B
A C
A A BtoA A
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DEP PM DEP PM
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 
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                                     (4.8.2) 
DEPAtoB is the number of multiply-scattered photons transported from Point A to Point B, and it is 
proportional to the irradiance at Point A. The irradiance at Point A is larger than that at Point B. 
DEPAtoB could be comparable to that of the polarisation maintaining backscattered photons PMB, 
resulting in a lower ΔB_C (or higher depolarisation) compared to ΔB defined in Eq.4.8.1. However, the 
number of the photons that are multiply scattered from Point B to Point A denoted by DEPBtoA is so 
small that it can be neglected compared to PMA. Therefore, ΔA should highly approximate to ΔA_C. The 
inequality 4.8.3 can thus be obtained. The difference between ΔB_C and ΔA_C depends on the irradiance 
at these two points and the irradiance at the two points can be affected by tissue surface profile. 
_ _B C B A A C                                                            (4.8.3) 
In addition, light transport is also related to the incident angle of light. The incident angle at Point A is 
always smaller than that at Point B, which renders the photons less likely to transport from Point B to 
A and thus further reduces DEPBtoA and the difference between ΔA and ΔA_C. In summary, tissue 
surface profiles could affect tissue depolarisation properties by inducing an inhomogeneous spatial 
distribution of irradiance and incident angles, which may be the reason why the stomach demonstrates 
a spatially varying depolarisation. 
Due to existence of refraction, the non-planar tissue surface profile that would result in spatially 
varying incident/refraction angles could possibly contribute to spatially varying diattenuation since 
refraction on the tissue-air interface is equivalent to a weak diattenuator of which the diattenuation 
value is a function of the incident/refraction angle according to Fresnel’s equations. If the refraction 
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from the non-planar tissue surface profile did have observable influences, the tissue diattenuation 
image should be able to show some contrast correlated to the tissue surface profile. However, no 
tissue diattenuation has been observed in this work or reported by other literatures as reviewed in 
Chapter 2, so the influence of refraction should be generally small. 
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Figure 4.11 The images in the first column are raw images with small bowel (red arrows), 
large bowel (green arrows), stomach (purple arrows), liver (white arrows) and fat (blue arrows) 
indicated. The second, third and fourth column are retardance images with 546 nm illumination, 
retardance images with 628 nm illumination and retardance ratiometric images (628 nm/546 
nm) respectively. (a-d) are the images for Region 1. (e-h) are zoomed images of a region of 
interest in (a) indicated by a red box, the left and right part of which is small bowel and fat 
respectively. (i-l) are the images for Region 2. (m-q) are the images for Region 3.  
Derived linear retardance δ images are demonstrated in Fig. 4.11. As predicted, generally neither 
the spatial nor spectral contrast among the organs is as pronounced as in the depolarization images. 
The bowel and the liver can hardly be discriminated. One exception is stomach as shown in Fig. 
111 
 
4.11(j,k,l), and this distinct retardance might be related to the very thick muscular layer in stomach 
which is birefringent and diattuanting. Heterogeneity of fat is observed again not only in ratiometric 
images, but also in raw retardance images, which is related to the error propagation in the 
decomposition of the Muller matrix. The decomposition of a 3×3 Mueller matrix provides us an 
insight to interpret the data, but it is not absolute, as the information contained in this partial Mueller 
matrix contains a number of polarisation properties which may not be necessary to extract. Proper 
statistical methods could be an alternative choice to interpret the data acquired by the 3×3 Mueller 
polarimetry. This would have to be based on sufficient simulated and in vivo experimental data. In the 
following section, the error propagation in the polar decomposition for Mueller matrices was analysed 
and assessed. 
4.9 Error propagation in polar decomposition of Mueller matrix 
The diattenuation matrix was directly reconstructed first by using the top row in a Mueller matrix. 
Therefore, the errors in the top row of M passed to MD intactly. The residual matrix M’ which is a 
product of depolarisation and retardance matrices is given by 
1 'D RMM M M M                                                    (4.9.1) 
After the M and M’ are vectorised, the Eq. 4.9.1 containing error components can be written as [28], 
( ) (( ) ) ( ' ')TD Dvec M M M M Eye vec M M                                    (4.9.2) 
δM represents the absolute error of the raw Mueller matrix. It is noted that the vectorisation process 
does not change the matrix norm. The relative error of the residual matrix is affected by δM and δMD 
and can be assessed by [28] 
( ') ( )
(( ) )
( ') ( )
T
D D
vec M vec M
cond M M Eye
vec M vec M
 
                                  (4.9.3) 
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The condition number of the Kronecker product in Eq. 4.9.3 is fully determined the condition 
number of the diattenuation matrix. One is able to calculate the maximum and minimum eigenvalues 
of a diattenation matrix which are       and       respectively expressed in the form of the 2-
norm of the diattenuation vector    , resulting in,  
1
( )
1
D D
D D
cond M M
D D



 
 
 
                                         (4.9.4) 
The depolarisation matrix is reconstructed based on the eigenvalues Δ2 of m’m’T (m’ is the 
bottom right 3×3 sub-matrix of M’, and thus their relative error should be identical or at least on the 
same level (                     ). As the high order errors are normally regarded as 
negligible, the expression using the first order approximation yields 
 ( ' ' ) ( ') ' ' 'T T Tm m m m m m                                           (4.9.5) 
As a triangle inequality property of matrix norms, Eq. 4.9.5 becomes 
( ') ' ' ' ( ') ' ' 'T T T Tm m m m m m m m                               (4.9.6) 
According the sub-multiplicative property of matrix norms, Eq. 4.9.6 becomes 
( ') ' ' ' ' ' ( ') 'T T T Tm m m m m m m m     
                  (4.9.7)
 
In the special case of the 2-norm (the Euclidean norm) and square matrices, the induced matrix 
norm of m’ is the spectral norm, which is a property of matrix norm. The spectral norm of m’ is the 
largest singular value Δmax
2
 of m’, which will be the square of the largest polarisation maintaining 
degree among ΔH, Δ45, and ΔC. Therefore, from Eq. 4.9.5, 4.9.6 and 4.9.7, the error that propagates 
into the m’m’T from m’ expressed by 
2 2
max max( ' ' ) ( ' ( ') ) 2 'T Tm m m m m       
                  (4.9.8)
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Bauer–Fike theorem which is used in perturbation analysis of eigenvalues yields [28] 
2( ) 2 ( ) ( ) ( ' ' )Tcond T m m                                        (4.9.9) 
T is a normal matrix consisting of the eigenvectors of m’m’T as well as mΔ
2
, and is a rotation matrix 
(in Poincare domain) with condition number 1. Hence, substituting δm’m’T from Eq. 4.9.9 into Eq. 
4.9.8, the error propagates into the eigenvalues of the depolarisation matrix known as the polarisation 
maintaining power can be given by 
2
max( ' ' ) '
2
Tm m m 


  
 
                                          (4.9.10) 
The reconstruction of MR can be expressed as 
1
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                                                         (4.9.11) 
The relative error of MR is fully determined by that of mR, 
'
( )
'
R
R
m m
cond m m
m m
 
                                               (4.9.12) 
The relative errors propagating from the raw Mueller matrix to the retardance matrix are derived as, 
max max
min min
1
1
R
R
m D D M
m D D M
  
 
   

    
                                      (4.9.13) 
Judging from Eq. 4.9.10, if the errors of the eigenvalues are much smaller than the real value, the 
perturbation of the condition number in Eq. 4.9.12 is negligible. If the errors of the eigenvalues in Eq. 
4.9.10 cannot be satisfied, the errors should follow, 
max
min min
1 11
1 1
R
R
m D D M D D M
m D D M D D M
    
 
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 
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                       (4.9.14) 
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For thick scattering dominant biological tissues, the diattenuation is normally weak.     
approximates to 0, as the error in the raw Mueller matrix should be much smaller than the real value, 
according to Eq. 4.9.4, the condition number of diattenuation matrix is 1. The error propagates from 
the raw Mueller matrix to the residual matrix without any leverage by the condition number. 3×3 
Mueller matrix decomposition assumes the linear depolarisation powers are equal, and Eq. 4.9.10 
becomes 
' 1m




 

  
                                                       (4.9.15) 
Eq. 4.9.14 yields the relative errors propagating to the retardance matrix are derived as 
1R
R
m M
m M
 


                                                       (4.9.16) 
Eq. 4.9.16 indicates that the level of the error propagating into the retardance matrix is inversely 
proportional to the polarisation maintaining power, and can be significantly leveraged by strong 
depolarisation of the samples in 3×3 Mueller polarimetry as shown in Fig. 4.12. For the imaging 
target with polarisation maintaining power smaller than 0.1, the level of the error propagating into the 
retardance increases approximately ten times. An initial conclusion is that polar decomposition may 
not be suitable to analyse the retardance of highly depolarising tissue types like fat precisely. The 
physical origin behind this is that media with high depolarising powers are able to randomise the 
retardance intensely. The polarised components conveying the useful retardance information are 
considerably weaker compared to the depolarised components, and thus the retardance is difficult to 
extract. 
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Figure 4.12 The level of the error propagating into the retardance matrix is inversely 
proportional to the polarisation maintaining power. 
4.10 Polarisation of the light emergent from the illumination channel 
The illumination light from an endoscope is always divergent because of the nature of the small 
dimension of the illumination channel and the demand of large illumination area. Most of polarising 
components including linear polarisers and phase retarders are designed for collimated light (plane 
time-harmonic electromagnetic waves). Hence it is necessary to analyse the impact of the illumination 
beam divergence in the endoscopic PSG design. 
Three widely known polarising mechanisms for linear polarisers are i) birefringence like most of 
polarising beam splitter and prisms, ii) reflection based on Brewster’s law, and iii) material dichroism. 
Due to the development of the thin film industry, the cost of linear polarisers based on the last 
mechanism is extremely low compared to the other two. The polarising layers are normally laminated 
on a plastic (or glass) substrate which can be easily customised to the shape desired for the endoscopic 
environment. In this work, the illuminating light emerging from the distal end of the illumination 
channel (fibre bundle) of the endoscope is polarised by a sheet linear polariser based on dichroism. 
The nominal acceptance angles of most sheet linear polarisers/polarising films are determined in 
terms of the loss due to Fresnel reflections [29], and vary from 20-30° [29]. However, reflection 
116 
 
induced loss is not the only constraint since the incident angle has an influence on the intensity and 
the polarisation of transmitted light as well.  
 
Figure 4.13 A schematic to characterise how the divergent polarised light from a fibre interacts 
with a sheet linear polariser. The fibre is equivalent to an objective lens converging collimated 
light to the distal end of the fibre. The arrow on the sheet linear polariser indicates its 
polarisation axis. 
Based on geometrical optics, the light emergent from a single fibre can be modelled as a 
divergent light beam, equivalent to the scenario that a collimated light beam is focused by an 
objective forming a spot light source as displayed in Fig. 4.13. The polarisation and propagation 
directions of each ray will be transformed by the virtual objective in the spatial domain. 3-D ray 
tracing incorporated with 3-D Jones vectors is required to characterise the propagation and 
polarisation of rays. 
A right hand Cartesian coordinate system with the standard orthogonal bases x, y, z in the 
laboratory frame is used, where x, y and z are unitary vectors standing for horizontal, vertical and 
wave propagation direction (wave vector) of the incidental collimated light. The coordinate 
transformation induced by the objective lens can be characterised by Euler’s angles with z-x-z 
convention (notation) for each individual ray by three consecutive elemental rotations[30]. In detail, 
the 3-D Jones vector and wave vector of each ray before the transformation are represented by J0 and 
k0 respectively. The characters in the brackets of J and k denote the standard orthogonal bases of the 
coordinate system employed. The transformation rotates the coordinate system from (x, y, z) to (x’, y’, 
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z’) which are functions of the orientation angles (polar angle ϑ and azimuth angle φ) of transformed 
rays, but the coordinates of J and k maintain the same, expressed by 
 
 
1 0
1 0
( '( , ), '( , ), '( , )) ( , , ) 0
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               (4.10.1) 
The standard bases (x’, y’, z’) of J1 and k1 can be substituted by (x, y, z),  
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where Rot(φ) and L(ϑ) represent rotation transformations on the  x-y plane and x-z plane respectively, 
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                                          (4.10.3) 
The rays continue to interact with the sheet linear polariser. The 3-D Jones matrix of the sheet 
linear polariser is not as well investigated as the Fresnel’s law based components, but it should at least 
follow the constraints of the general relationship between the wave vector and the Jones vector of the 
ray (the planar electromagnetic wave), 
 1 1 2 2 0 k J k J                                              (4.10.4) 
And the propagation direction of the ray is not changed after interaction,  
1 2k k                                                     (4.10.5) 
k2 and J2 are the wave vector and Jones vector of the ray that has interacted with the linear polariser. 
Another constraint arises from energy conservation,  
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1 1 2 2 0 J J J J                                          (4.10.6) 
Fainman proposed a model of dichroism based sheet linear polariser in [31] and suggested that only 
the projection of the electric field onto the plane defined by the polarisation axis of the polariser and 
the wave vector is able to transmit. Therefore, the 3-D Jones matrix of a horizontal linear polariser in 
(x, y, z) space should be derived as, 
max min
2 2
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1 1 1 1
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     (4.10.7) 
where Tmax and Tmin are the maximum and minimum transmittance (or reflectance) of the linear 
polariser, k1 is the incident wave vector with its coordinates (k1x, k1y, k1z). 
In Fig. 4.14, the Jones vector and the light intensity maps were simulated and plotted when the 
fibre is illuminating an area of 2.5×2.5 cm
2
 with the working distance of the endoscope 5 cm.  The 
maps shown in Fig. 4.14(a,b) correspond to the parallel (horizontally) polarised incident light to the 
incident SOP (J0=[1, 0, 0]). In the rectangular area (5×2 cm
2
) in the centre of FOI, the polarisation 
and the intensity demonstrate a good fit to the nominal. Fig. 4.14(c, d) correspond to the vertically 
polarised incident light (J0=[0, 1, 0]). The intensity map is known as ―Maltese cross‖ [32]. In the 
central cross region, the cross-polarised light is blocked best, though the intensity distribution over the 
FOI does not deviate from the nominal very much. Therefore, the polarisation and the intensity of 
divergent un-polarised light transmitting through the linear polariser would retain the same pattern as 
Fig. 4.14(a,b). There is no depolarisation if the linear polariser is ideal. 
As for the light from a fibre bundle, the polarisation of the FOI is affected by the superposition of 
the individual fibres in the bundle, resulting in depolarisation for incoherent light since there are 
spatial displacements among the different fibres. The degree of such depolarisation depends on the 
dimension of the displacements with respect to the dimension of the rectangular area (5×2 cm
2
). It 
should be noticed that the depolarisation mentioned here arises from the fact that the rays with 
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different wave vectors illuminate the same spatial location which is not exactly the same as the 
depolarisation defined for collimated light.  
 
 
(a) (b) 
 
 
(c) (d) 
Figure 4.14 Simulated Jones vector (a, c) and the light intensity (b, d) maps when the fibre is 
illuminating an area of 2.5×2.5 cm
2
 with the working distance of the endoscope 5 cm. (a, b) 
and (c, d) were obtained with incident light parallel (horizontally) and orthogonally (vertically) 
polarised to the incident SOP respectively.  
The polarisation map of endoscopic illumination light should be taken into consideration in the 
future design of the endoscopic illumination channel for the 3×3 Mueller polarimetry. Single fibre and 
fibre bundle with small diameters would be preferred to deliver the illumination although this may 
restrict the size of the illumination area and the intensity distribution. Otherwise, it is necessary to 
consider and address the effective illumination areas suitable for the 3×3 Mueller matrix endoscopes.  
Phase retarders that are necessary for 4×4 Mueller polarimetry are typically made of birefringent 
materials and are divided into true zero order, compounded zero order and multiorder types. True zero 
order retarders are recognised as the choice that is least sensitive to angle of incidence (as well as 
wavelength and temperature). The effective birefringence can be modelled in a refractive index ellipse 
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[26] which has been very well investigated and will not be repeated in this thesis. As an example, the 
retardation of true zero order retarders from Newport changes by less than 1% over a ±12° incidence 
angle (corresponding to 2×2 cm
2
 circular area analogue to the 2×5 cm
2
 rectangular area for linear 
polarisers). Some of the specifications of the commercially available retarders are demonstrated in the 
following table. 
Table 4.3 Acceptance angles for several typical commercial phase retarders 
Brand and Type Acceptance angle 
Newport Zero-Order Precision Wave-plate, 12.7 mm, 532 nm, λ/4 
Ret (05RP34-532) (Birefringent polymer film and N-BK7 substrate) 
±9° 
Meadowlark Polymer Film Retarder [33] ±6° 
4.11 Eigenvalue calibration for 3×3 Mueller polarimetric endoscopic imaging 
It is believed that the majority of current errors originate from the angular irreproducibility of the 
filter wheel (see Fig. 4.1) after discussion with its manufacturer. The random error can be also from 
the intensity variation of the light source and the CCD used. The calibration procedures are highly 
reliant on the reproducibility of the system and mainly correct the deviation between the nominal and 
real PSG and PSA instrumental matrices. The calibration may accumulate the error from 
irreproducible PSG and PSA matrices. The PSG and PSA instrumental matrices do not strongly 
deviate from their nominal values as the extinction ratio of linear polarisers is usually high (9000:1) 
and the angle of the polarisers are carefully controlled. Therefore, in this pilot work, the calibration is 
replaced by a procedure of validation with a rotating linear polariser on the top of a diffuse reflectance 
target.  
As an important aspect of polarimetry, the calibration for 3×3 Mueller polarimetry is still discussed in 
this section. It is found that the ECM which is one of the most robust calibration methods for 
polarimetry, as reviewed in Section 2.5 works for 3×3 Mueller polarimetry. The calibration can be 
significantly simpler and more accurate to conduct than that for 4×4 Mueller polarimetry. 
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Since Eq. 4.2.1 works for both 3×3 and 4×4 Mueller polarimetry, the deduction of the ECM for 3×3 
Mueller polarimetry is essentially the same as that for 4×4 Mueller polarimetry, as stated in Chapter 2. 
Nevertheless, the 3×3 ECM does not require a retarder as a calibration sample. One can verify that a 
linear polariser with three different orientations is sufficient for the ECM. The optimal orientations are 
0°, 60°, 120° or -45°, 0°, 45°, 90°. It is illustrated here from a physical perspective since it is intuitive. 
The purpose of using standard calibration samples is to modulate all the pertinent elements in Mueller 
matrix, and to allow us to investigate the instrument matrices which are 4×4 matrices characterizing 
the PSG and PSA based on how the measured elements deviate from theoretical ones. For a 3×3 
Mueller matrix measurement, a standard linear polarizer sample is able to modulate all the pertinent 
elements in the 3×3 Mueller matrix m12, m13, m21, m22, m23, m31, m32, and m33. In the 4×4 ECM, besides 
a linear polariser, a quarter wave-plate is normally needed [34] to modulate m22, m23, m32, and m33 
totally identically to a linear polarizer by referring to the Mueller matrices of a linear polarizer and a 
quarter wave-plate displayed below, but cannot modulate m12, m13, m21, and m31. Thus the retarder is 
only a subset of the linear polarizer for the 3×3 Mueller matrix polarimetry, and thus it not necessary 
for calibrating a 3×3 Mueller matrix. This results from the fact that the measurement of a 3×3 Mueller 
matrix only involves the calibration for linear polarizing components (in both the PSG and the PSA). 
The standard phase retarder is compulsory for the 4×4 Mueller polarimetry resulting from the fact that 
there are birefringent components in the PSG and PSA to be calibrated. 
2
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φ in MLinearPolarizer denotes the polarisation angle, and φ in the Mueller matrix of quarter wave-plate 
denotes the angle between the fast axis and horizontal axis. Note that m22, m23, m32, and m33 in both 
Mueller matrices keep the identical expressions. 
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The benefit of avoiding a retarder is obvious. As indicated in [34], the calibration sample should 
be as close to the theoretical Mueller matrix as possible, and it is not a concern for linear polarisers 
but is usually a problem for retarders. Another problem of the ECM arises when used to calibrate a 
reflection mode imaging system. A mirror with its Mueller matrix equal or highly approximate to an 
identity matrix is required to reflect the light back to the system. It is only able to calibrate one or 
several pixels at one time because the image of specular reflection region is normally very small. As 
illustrated in [35], it was impractical to calibrate pixel by pixel for a high resolution camera using the 
method and extremely impossible in multispectral scenarios. 
It is meaningful to use a diffuse target to do an immediate calibration. The mirror theoretically 
can be replaced by a highly polarisation maintaining projection silver/aluminium screen with known 
Mueller matrix (normally they are diagonal matrix with non zero values approximate to 1, the specific 
values are functions of the incident angles). This screen is mainly prepared for the measurement of 
null response. Further calibration will be based on a diffuse reflection target (normally they are 
diagonal matrix, and the specific values vary weakly with the incident angles [36]). The calibration 
samples like a linear polariser and a circular polariser if necessary can be placed on the top of the 
diffuse reflection target as was shown in the validation part in this chapter. This protocol has potential 
to calibrate a reflection mode Mueller polarimetric imaging system more efficiently. 
4.12 Summary 
In this chapter, a design for narrow-band 3×3 Mueller matrix polarimetric imaging in a rigid 
endoscope avoiding any complicated miniaturization was proposed. The prototype was set up and 
validated using a rotating linear polarizer and a diffuse reflection target, quantifying polarization 
properties using the matrix polar decomposition approach. Initial results in an ex vivo animal trial 
show that the system can distinguish different tissues based on their composition and structure. 
Multispectral operation allows detection of features related to absorption of light in different bands in 
addition to scattering-related contrast due to depolarization and changes in retardance due to 
birefringent connective tissue. These results show the potential of the system in tissue 
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characterization, which may be applied to detect specific pathologies, such as cancerous lesions, 
which would otherwise be difficult to visualize under normal white light illumination and detection. 
Besides the simplicity which is the main incentive to choose 3×3 Mueller matrix imaging technique, 
an additional advantage is shorter acquisition time (43% less for sequential PSA or 25% less for non-
sequential PSA) as 9 images are required rather than 16 images for the full 4×4 Mueller matrix 
imaging, which can potentially alleviate the problem caused by the motion of tissue (e.g. respiratory 
motion) during the sequential image acquisition. 
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4.13 Appendix: Specular reflection on a flat rough surface 
The Phong model is widely used in computer graphics to simulate local illumination of points on a 
surface owing to its computational convenience. Local illumination in the model is considered as a 
combination of the diffuse reflection from rough surfaces with the specular reflection from part of 
microfacets [15]. The specular reflection term in Phong model was extended from a point light source 
rather than collimated one so that the ring shape illumination can be represented as the combination of 
a pair of spatially symmetrical point light sources.   
 
Figure 4.15 Specular reflection induced by a spot light source on a rough surface. 
As demonstrated in Fig. 4.15, a Cartesian coordinates where the object plane and optical axis 
were x-y plane and z axis were initially set up. The origin of the coordinates was the projection of the 
centre of the entrance pupil onto the object plane. An object spot is O (x, y, 0), and a spot light source 
L located at (xl, yl, z0) that is a constant. The position of a point inside the entrance pupil was 
expressed as V (xv, yv, z0). L and V denote the light source vector          and the viewer vector         . 
According to Phong model and radiometry [37], the intensity of the specular reflection I induced by a 
spot light source can be written as: 
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                                          (4.13.1) 
where I0(x,y) is the illumination intensity, dS refers to the area element inside the entrance pupil, n is 
the Phong parameter characterizing the roughness of the surface, β denotes the angle between surface 
normal and halfway vector    between the viewer and light-source vectors, and θ represents the angle 
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between the optical axis and the viewer vector [15, 38, 39]. These angles can be derived from L and 
V, the unit vectors of L and V are displayed below, 
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Figure 4.16 Specular reflection analysis. Two green spots denotes the end of illumination 
fibres symmetrical to the centre of entrance pupil of the laparoscope. The separation between 
the centre of entrance pupil is measured as 3.5 mm. The working distance of the endoscope is 
set as 40 mm. 
 
In this work, the ring fibre bundle delivered illumination was simplified as two illumination 
fibres with numerical aperture 0.28 symmetrical to the centre of entrance pupil of the laparoscope as 
shown in Fig. 4.16. Therefore the specular reflection is the linear superposition of the following 
expression: 
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where I0(x,y) is the illumination intensity that is proportional to the total reflectcance. For a piece of 
paper or cardboard the Phong parameter n is equal to 0 or 1 [40]. It is estimated as being 1 in this 
simulation. The distal ends of the fibres are located 3.5 mm away from the centre of the pupil centre. 
The distance is estimated as 40mm. Since the entrance pupil is far smaller than the L  and V and 
correspond to a very small variation of θ and β, it is safe to use the intensity at the pupil centre to 
estimate the specular reflection from the rough and flat surface in order to simplify the simulation. 
The specular component over the total reflectance is thus simplified into 
2
0
( , ) cos cos
( , ) ( )
I x y
I x y L V
 


                                             (4.13.4) 
The surface is rotated an acute angle anti-clockwisely along the axis via the projection of the centre of 
the entrance pupil and perpendicular to the paper plane accordingly.  The results are displayed in Fig. 
4.5(b). 
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Chapter 5  
Mueller Polarimetric Endoscopy 
Based around a Rotatable Sheath: a Pilot Study 
5.1 Introduction 
In Chapter 4, a 3×3 Mueller polarimetric endoscope was designed and prototyped by using the 
customised endoscope from Karl Storz GmbH, which possesses an approximately identity 3×3 
Mueller matrix. It allows the analysis of SOPs at the proximal end, and by rotating the endoscope with 
a linear polarising film covering the distal end of its illumination channel, 0°, 45° and 90° linear SOPs 
can be generated. The rotation of the whole endoscope resulted in changes in the FOV and FOI during 
acquisition, which turned out to be complicated and challenging to correct.  
In this chapter, a rotatable rigid endoscopic sheath is introduced to overcome the problems via 
rotation of the sheath rather than the whole endoscope to provide a PSG for 3×3 Mueller polarimetry. 
This upgraded 3×3 Mueller polarimetric system was again validated with a rotating linear polariser on 
the top of white paper. The polarimetric images of rat abdomen and porcine stomach with an 
abnormality were obtained and decomposed according to Ghosh’s method [1] for further analysis. 
Additionally, the rotatable sheath makes 4×4 Mueller polarimetric endoscopy feasible by 
configuring a PSG in the mode of ―fixed polarizer and rotating retarder‖ (FPRR). A combination of 
FPRR is capable to generate at least four linearly independent PSG state vectors to make PSG 
instrumental matrix invertible, and it is one of the typical configurations of a PSG and a PSA [2]. The 
circular polarization properties of the customised endoscope corresponding to the seven elements in 
the fourth column and the fourth row in its Mueller matrix were not assessed very successfully in the 
previous studies [3-5]. A free space Mueller polarimetric imaging system was constructed and used to 
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determine the full Mueller matrix of the endoscope. It was found that the customised endoscope is 
approximately equivalent to a low retardance zero order wave-plate in terms of its polarization 
property, and is suitable for 4×4 Mueller polarimetric imaging with its known Mueller matrix. A 
preliminary 4×4 Mueller polarimetric endoscopic system was demonstrated and validated. This 
chapter shows that it is feasible to implement polarimetric imaging in a rigid endoscope which may 
reveal useful information on biological tissue. 
5.2  The 3×3 Mueller polarimetric endoscopic system 
5.2.1 System setup 
Fig. 5.1 shows the setup for the upgraded 3×3 Mueller polarimetric endoscope. The illumination 
light source remained the same as the setup displayed in Chapter 4, a high pressure mercury lamp and 
a filter wheel with two 20 nm bandpass filters with centre wavelengths at 546 nm and 628 nm. The 
light was delivered to the illumination channel of the customised laparoscope (Karl Storz) via a liquid 
light guide. A ring shaped linear polarising film (Techspec, Edmunds Optics) shown in Fig. 5.1(b) 
was mounted at the distal end of a stainless steel sheath with an external diameter 12.7 mm, internal 
diameter 10.7 mm, and the length 270 mm so that the ring covered the distal end of the illumination 
channel exactly. The polarisation orientation of a linearly polarised He-Ne laser in the lab was defined 
as the reference axis (0° axis). 0°, 45° and 90° linearly polarised illumination light was generated via 
rotating the sheath driven by the motorized rotation stage near the eyepiece end of the customised 
laparoscope [3]. The PSA of the system consisted of three linear polarisation analysers contained in a 
filter wheel and their polarisation orientations were kept the same as those used in Chapter 4. The 
rotation mount, the analyser filter wheel, an objective lens and a CCD (Retiga Exi, QImaging) were 
connected with lens tubes to guarantee alignment precision. A LabVIEW program synchronized the 
light source, the rotation mount, the analyser filter wheel and the CCD, and displayed the 3×3 Mueller 
polarimetric images acquired. 
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Figure 5.1 (a) View of the distal end of a Karl Storz laparoscope. (b) Ring shaped linear 
polarising film attached to the sheath. (c) System setup of the upgraded 3×3 Mueller 
polarimetric endoscope. 
5.2.1 Results 
5.2.1.1 Validation experiments with linear polarisers 
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(a) (b) (c) 
Figure 5.2 Mueller polarimetric images of a linear polariser on the top of white paper 
orientated 0° to -45° and 90° to the reference axis of the system. Their theoretical values are 
displayed above the figures. 
The system was first validated using a linear polariser on the top of white paper orientated 0° to -
45° and 90° to the reference axis of the system. The Mueller polarimetric images are displayed in Fig. 
5.2 and their theoretical values are displayed above the figures. It was not necessary to correct the 
FOV and the FOI because there was no displacement of the FOV which significantly simplified image 
processing procedures.  
5.2.1.2 Tissue experiments 
3×3 Mueller polarimetric images of a Sprague-Dawley rat were acquired after the abdomen had 
been exposed by a midline incision 0.3 hour post mortem, and were decomposed into diattenuation, 
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retardance and depolarisation images based on the method proposed by Ghosh, et al. [1], and 
displayed in Fig. 5.3.  
   
(a) (b) (c) 
    
(d) (e) (f) 
   
(g) (h) (i) 
Figure 5.3 The images in the first column are the radiometric image of the rat abdomen. The 
second and third columns are images with 546 nm and 628 nm illumination respectively. (b,c) 
are the depolarisation images. The scale bar represents depolarisation maintaining degree. (e,f) 
are the retardance images. (h,i) are the diattenation images. 
The liver, the bowel and the fat are the same as the results shown in Chapter 4. The liver, the 
kidney and the spleen demonstrate weakest depolarisation, while the fat and the kidney cyst 
depolarise the light most strongly at 546 nm illumination as shown in Fig. 5.3 (b). This is mainly 
caused by their different absorption. The multiply scattered photons are more likely to be absorbed by 
strongly absorbing media, and thus only the single scattered polarisation maintaining photons are 
backscattered.  The absorption of the liver, the kidney and the spleen decreases at 628 nm, but the 
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absorption of fat remains the same. Therefore the contrast between the organs and the fat and the cyst 
falls in Fig. 5.3(c). In the retardance images (Fig. 5.3 (e,f)), different organs do not display significant 
contrast at either illumination wavelength. In fat and cyst regions, heterogeneity with the retardance 
values quickly jump from positive to negative values, which also contributes to the image contrast to 
allow the resolution of the fat and the cyst from the other organs. In Fig. 5.3 (h,i), tissue diattenuation 
is weak as stated in a number of previous works [5, 6]. 
 
 
(a) (b) 
  
(c) (d) 
Figure 5.4 Porcine stomach (a) the photo taken by a normal RGB camera. (b) the radiometric 
image acquired through the endoscope (c) the depolarisation image at 546 nm. (d) the 
depolarisation image at 628 nm. 
In the second experiment, the mucosa of a dissected stomach of a domestic pig (weight 30 kg) 
shown in Fig. 5.4(a) was imaged with the upgraded system. There was an abnormal region below the 
low oesophageal valve indicated by red arrows in Fig. 5.4(b) caused by reflux of the gastric acid due 
to the starvation of the pig prior to sacrifice. The abnormal mucosa depolarised the light more strongly 
than the normal mucosa, resulting in contrast in the depolarisation images. The retardance and 
diattenuation images are not displayed here as no obvious contrast can be observed. At 546 nm shown 
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in Fig. 5.4(c), the boundary between the normal mucosa and abnormal mucosa can be clearly resolved. 
The fine structure in the abnormal region can also be better visualised. At 628 nm shown in Fig. 
5.4(d), it is difficult to distinguish the normal and the abnormal regions according to their similar 
depolarisation properties. 
The rat and the pig were used for experiments conducted by a separate research group, and were 
prepared and terminated under UK Home office animal license. The ex vivo tissue was collected after 
the termination. 
5.3  4×4 Mueller polarimetric endoscope 
In the previous investigation by Wood et al. [3-5], linear birefringence was found in Karl Storz 
Hopkins II laparoscopes. The linear birefringence was presumed to arise from the birefringent 
materials used at the entrance and exit windows of the endoscope. A laparoscope with birefringent 
materials replaced by non-polarised fused silica was customised by Karl Storz GmbH with the hope 
that the Mueller matrix of the laparoscope could approach an identity matrix in order to minimise the 
interference from the intrinsic polarisation properties of the endoscope [5]. The polarisation properties 
of this customised endoscope were assessed in [5]. The results showed that the top left 3×3 elements 
approximately comprised an identity matrix which suggests that the endoscope is highly polarisation-
maintaining for linear polarisation and the interference from the intrinsic polarisation properties were 
insignificant as predicted, which facilitated the work on polarised light scattering spectral endoscopy 
and 3×3 Mueller polarimetric endoscopy. However, the elements including m24, m34, m42 and m43 were 
not very clearly investigated due to the strong angular dependency of the achromatic wave-plates used 
for polarimetric measurements in Wood’s experiment [5]. The customised endoscope is found more 
similar to a λ/12 linear retarder. 
In the 4×4 Mueller polarimetric endoscopy, it is essential to analyse the circularly polarised 
components of backscattered light from the tissue. In FPRR, the PSG should generate four 
polarisation states including one circular, one linear and two elliptical polarisations according to one 
of the optimal settings in terms of condition number [6]. Thus, the Mueller matrix of the laparoscope 
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has to be determined quantitatively prior to developing 4×4 Mueller polarimetric endoscopy to correct 
the interference from the polarisation properties of the laparoscope. The 4×4 Mueller polarimetric 
endoscope was then constructed and validated by a rotating linear polariser. 
5.3.1 The polarisation properties of endoscopes 
A free space Mueller polarimetric imaging system was constructed in order to measure the 
Mueller matrices of the endoscopes. The light source of this free space system was the same as the 
one used for the previous 3×3 Muller polarimetric endoscopic systems. As a pilot study, the Mueller 
matrices of the endoscopes were only measured for one narrow band (546/20 nm). As shown in Fig. 
5.5, the unpolarised light went through a fixed linear polariser orientated at 90° and a rotatable quarter 
wave-plate mounted in the motorised precision rotation stage as the PSG. The PSA was a filter wheel 
containing -45°, 0°, 45° and 90° linear polarisers, and left and right circular polarisers (Edmund 
optics).  
 
Figure 5.5 System setup used to calibrate the PSA for 4×4 Mueller polarimetry. The 
unpolarised light from the source passes through a linear polariser driven by a precision 
rotation mount.  
The PSA was first calibrated using a rotating linear polariser as shown in Fig. 5.5. The 
unpolarised light (DOP 0.015) from the light source passed through a linear polariser driven by a 
motorised rotation mount (PRM1/MZ8, Thorlabs Ltd) with the nominal bidirectional repeatability 
±0.1°, and home location accuracy ±0.2°. The rotating linear polarised light was generated from 0° 
(home position) to 358° with a step size of 2°. The rotated linearly polarised light went through all the 
polarisers used in the PSA in due order. A CCD was used to continuously record the transmission. 
The rotation stage was homed after each acquisition. As demonstrated in Fig. 5.6, six transmission 
curves were obtained and fitted to sinusoids in the form of               , according to Malus’s 
law. The four parameters a, b, c, and d were obtained shown in Table 5.1. The differences in the phase 
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parameter c convey the orientations of all of the six polarisers. The retardance of the wave-plates in 
circular polarisers can be calculated from the ratio between a and d, as 85.5° (left) and 87.3°(right), 
close to the nominal value 90°. The PSA instrumental matrix could be derived with these known 
parameters. By measuring the system null response (air), the PSG matrix was then obtained. The 
system was validated by a linear polarizing target orientated 0°, 45° and 90° respectively and the 
typical elemental errors were smaller than 3%. 
 
Angle(rad) 
 
Angle(rad) 
 
Angle(rad) 
(a) (b) (c) 
 
Angle(rad) 
 
Angle(rad) 
 
Angle(rad) 
(d) (e) (f) 
Figure 5.6 The transmissions of the 0°(a), 45°(b), 90°(c), -45°(d) linear polarisers, and left (e) 
and right (f) circularly polarised elements of the PSA during rotation of the linear polariser 
with the motorised stage. The horizontal axes are the readings from the rotation stage 
representing the orientation angles of the linear polarizer. The red stars and the blue lines are 
the recorded transmission and the fitting curves respectively. 
Table 5.1 The calibration results for the PSA of the free space Muller polarimeter 
PSA a b c(rad) c  d Orientation Retardance 
1(0°) -0.504 2.000 1.901 108.920° 0.503 0° (defined) ~ 
2(-45°) -0.496 2.001 2.706 155.031° 0.492 -46.112° ~ 
3(90°) -0.504 2.000 3.472 198.908° 0.497 90.011° ~ 
4(Left) -0.038 2.005 3.521 201.733° 0.480 87.187° 85.496° 
5(Right) 0.023 2.006 1.873 107.315° 0.500 -1.604° 87.341° 
6(+45°) 0.496 2.000 2.680 153.513° 0.494 44.593° ~ 
The Mueller matrices of the endoscopes were measured with the calibrated free space Mueller 
polarimetric imaging system. The circular polarization generation and analysis were improved 
138 
 
compared to Wood’s work where achromatic quarter wave-plates were used [4, 5]. The X-shaped 
patterns exhibited in some of the elements in the fourth column and the fourth row of the Mueller 
polarimetric images [5] of the customized endoscope mainly arise from the limited angular acceptance 
angle of the achromatic wave-plates both in the PSG and PSA, especially in the PSG due to the large 
FOV of the endoscope. A quarter retarding film from Edmund Optics was used in this new setup, 
which exhibited homogeneous non-colourful conoscopic interference pattern showing that it 
possessed much weaker angular dependency than the achromatic ones used by Wood. The angular 
performance of the retarding film should approach that of a polymer zero order wave-plate. Thus the 
X shape was avoided in this free space Mueller polarimetric system.  
  
(a) (b) 
Figure 5.7 The measured Mueller polarimetric images of the customised endoscope (a), and 
the normal Karl Storz (b). 
The Mueller matrices of another normal Karl Storz rigid endoscope (Karl Storz Hopkins, 0° 
viewing angle, Part number: 8701AG) (different from the normal Karl Storz laparoscope (Karl Storz 
Hopkins II, 0° viewing angle, Part number: 26003AA) inspected by Wood in [3]) and the customised 
Karl Storz laparoscope (Karl Storz Hopkins II, 0° viewing angle, Part number: SN1490581) were 
measured. The FOV of the polarimetric images of the customised endoscope demonstrated in Fig. 
5.7(a) were 1.3×1.3 cm
2
, and that of the normal Karl Storz corresponded to 0.7×0.7 cm
2
 when the 
working distance was 2 cm, which corresponds to 34° and 20° angle of view respectively. The 
Mueller matrices were decomposed based on Lu-Chipman decomposition and the results were 
summarised in Table 5.2, revealing the depolarisation and the diattenuation of the customized 
endoscope were negligible. The depolarization and diattenuation of the normal endoscope were 
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slightly higher than the customized one, but were still sufficiently small to ignore. This is reasonable 
since the endoscope is a low numerical aperture optical system. The diattenuation arising from 
refraction is not significant according to Fresnel’s equations. The rays constrained near the optical 
axis of the optical system reducing the depolarisation. The linear retardance was the dominant effect 
for both endoscopes and was found to be 27.20° for the customized endoscope and 136.98° for the 
normal one.  
Table 5.2 A summary of polarization properties of two measured endoscopes 
 Depolarisation Diattenuation Linear 
Retardance 
Fast axis 
orientation 
Optical 
rotation 
Customised  0.006 0.006 27.202° 12.871° 0.697 
Normal 0.083 0.024 136.981° -9.638° 4.735 
In order to interpret the Mueller matrices of the endoscopes better, the Mueller matrices of a 
series of birefringent sapphire plates (uniaxial) with different physical thickness corresponding to the 
order of the birefringence were simulated at 590 nm. The order here refers to the integer multiple of 
the ratio between the optical path length difference (OPL) between two birefringent components of 
the light (ordinary and extraordinary light) induced by the sapphire and the wavelength λ. For 
example, if the OPL induced by a wave-plate is 0.25λ, it is regarded as a zero order wave-plate, and if 
the OPL is 1.25, the order number is 1. Fig. 5.8 (a, b, c) show the Mueller matrices of a sapphire plate 
with the optic axis
3
 perpendicular to the optical axis of the optical system (equivalent to a wave-plate 
with 27° retardance). The half angle of view was chose as 38.7° in order to keep accordance to the 
simulation done by Wood [3, 5]. The order numbers are 0, 1, and 5 in Fig. 5.8 (a, b, c) respectively. It 
is noted that the X shape becomes increasingly observable as the order number increases. The Mueller 
polarimetric image of the zero order state is the most spatially invariant, and is very similar to the 
experimental Mueller polarimetric image of the customized endoscope in Fig. 5.7(a). It obeys the 
common sense that the zero order wave-plate has much better performance in terms of angular 
dependency than multi-order ones. Fig. 5.8 (d, e, f) display the Mueller matrices of a sapphire plate 
with its optic axis parallel to the optical axis of the optical system. The order numbers were chosen as 
0, 1 and 5 again. The Fig. 5.8(f) has been demonstrated in Wood’s work used to simulate the normal 
                                                     
3
 The optic axis of a crystal is the direction in which a ray of transmitted light suffers no birefringence. 
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Karl Storz laparoscope (Type: Hopkins II, 0° viewing angle; Part number: 26003 AA) with 
birefringent exit and entrance windows in [3, 5]. However, if the order number goes down to 0, the 
central region of field of view approximate to an identity matrix. 
   
(a) (b) (c) 
   
(d) (e) (f) 
Figure 5.8 The simulated Mueller polarimetric images of a sapphire crystal. The optical axis of 
the crystal is parallel to the optical axis of the optical system in (a, b, c), and is perpendicular in 
(d, e, f). The order numbers are 0 in (a, d), 1 in (b, e) and 5 in (c, f) respectively. 
 
Figure 5.9 The simulated Mueller matrix of the customised endoscope (in red) and the normal 
Karl Storz endoscope(in blue) varying with the orientation angles (0-180°) along the long axis 
of the endoscope. The horizontal axes represent the orientation angles. The vertical axes are the 
element values of Mueller matrices. 
Fig. 5.7 reveals both endoscopes manifest no strong conoscopic interference patterns, indicating 
these two endoscopes are more similar to zero order wave-plates with the fast axis or slow axis of the 
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equivalent wave-plate perpendicular to the long axis of the endoscopes. However, the Mueller 
matrices of the normal Karl Storz laparoscope measured in [3] exhibited conoscopic interference 
patterns, which reveal that the optic axis of the birefringent materials used in the entrance and exit 
windows is parallel to the long axis of the endoscope.  
Since the orientation of the endoscope along the long axis can be random or rotatable by 
requirements in practice, it is meaningful to know whether it is necessary to pay additional attention to 
the orientation when using the endoscope for Mueller polarimetric imaging. According to the 
investigation above, the Mueller matrices of the customised and the normal endoscopes represented 
by rotating wave-plates with retardance 27° and 137° were simulated and shown in Fig 5.9. The 
horizontal axes of each subplot represent the rotation of the endoscope from 0-180°, as the period of 
Mueller matrix as a function of the orientation angle is 180°. The top 3×3 submatrix of the customised 
endoscope approximate to an identity matrix during rotation. Therefore it is reasonable to use it to 
conduct the 3×3 Mueller polarimetry via rotating the endoscope, as discussed in Chapter 4. However, 
its 4×4 Mueller matrix is not in a simple form of an approximate identity matrix. m42 m43, m24, m34 
vary significantly during rotation. It suggests that the endoscope interacts with circularly polarised 
components. The Mueller matrix of the endoscope has to be determined once circular polarising 
components are involved. Therefore, the orientation of the endoscope should be taken into 
consideration when conducting 4×4 Mueller polarimetric imaging. The endoscope should be kept 
stationary with respect to the system reference axis in this case. The bottom right nine elements of the 
Mueller matrix of the normal endoscope are sensitive to the orientation angles. Prior to the utilisation 
of this endoscope for both 3×3 and 4×4 Mueller polarimetric measurements, in addition to the 
calibration of retardance of the endoscope, the orientation angle with respect to the system reference 
axis needs to be noticed and kept accordance.  
In summary, an ideal endoscope for the 4×4 Mueller polarimetry should be highly polarisation 
maintaining for all polarisation states resulting in an identity matrix. However, such ideal endoscopes 
were not found among all the laparoscopes investigated. In Wood’s work, the Olympus endoscope 
demonstrates irregular asymmetric conoscopic interference pattern, indicating spatially varying 
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retardance and anisotropic depolarization, which would be challenging to correct and use for Mueller 
polarimetric imaging. The other endoscope from Karl Storz measured in his work was similar to a 
multi-order birefringent crystal with its crystal optical axis parallel to the long axis of the laparoscope. 
In this chapter, another normal Karl Storz rigid endoscope was inspected, and was found to 
approximate to a zero or low order 137° wave-plate. The customised Karl Stroz endoscope is more 
similar to a zero order 27° wave-plate. The two endoscopes involved in this chapter are the most 
suitable ones found to date for the 4×4 Mueller polarimetric imaging because their retardances are the 
least spatially varying and can be corrected more easily. The normal Karl Storz endoscope 
demonstrated stronger retardance than the customised one. The top left 3×3 sub-matrix (3×3 Mueller 
matrix) was far from an identity matrix, thus it requires additional efforts to measure top 3×3 sub-
matrix using that endoscope for both 3×3 and 4×4 Mueller polarimetry. The customised endoscope is 
a better choice for 3×3 Mueller polarimetry since its top left 3×3 sub-matrix is approximately an 
identity matrix and is less sensitive to the orientation of the endoscope.  
5.3.2 Experimental setup and validation experiments 
The PSG configuration in the mode of FPRR only requires one rotatable part, rather than multiple 
rotatable and removable components. It is a most promising technique as it is compatible with the 
available endoscopes for 4×4 Mueller polarimetry. This system was based upon the 3×3 Mueller 
polarimetric endoscopic system in Fig. 5.1 with minor modifications. The customized Karl Storz 
endoscope was employed. A ring shaped horizontally positioned linear polarising film was attached 
on the illumination channel of the stationary laparoscope and thus it was fixed. At the distal end of the 
sheath, a ring shaped rotatable quarter retarding film was mounted. The fast axis of the rotatable 
retarding film was optimized as -45°, 0°, 30° and 60° [6] in order to numerically minimize the error. 
The narrow band light source (546/20 nm) and the filter-wheel containing four linear and two circular 
polarisers which were also used in the free space Mueller polarimeter were employed here again as 
the light source and the PSA.  
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Figure 5.10 (a) The sectional view of the distal end of the endoscope. (b) A ring shaped quarter 
retarding film attached to the rotatable sheath as the rotating retarder. A ring shaped linear 
polarising film attached on the illumination channel of the endoscope as the fixed polariser. A 
PSG in the mode of FPRR was constructed. (c) System setup of 4×4 Mueller polarimetric 
endoscopic imaging. 
The Mueller matrix of the target Msample can be derived according to the following equation  
PSA endo sample PSGP M M M M                                                    (5.1) 
where Mendo is the Mueller matrix of the customized endoscope at 546 nm measured from the free 
space Mueller polarimeter. The system was validated with a linear polariser on the top of white paper 
orientated 0°, 45° and 90° to the reference axis of the system. The Mueller polarimetric images are 
displayed in Fig. 5.11 and demonstrate a good match to the theoretical values shown in the figures. 
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(a) (b) (c) 
Figure 5.11 The obtained Mueller polarimetric images of the 0°(a), 45°(b) and 90°(c) linear 
polariser target on the top of white paper. Their theoretical Mueller matrices are displayed 
above the images. 
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5.4 Summary 
The work in this chapter improved the 3×3 Mueller polarimetric endoscopic imaging system in 
Chapter 4 by using a rotatable rigid endoscopic sheath. A free space Mueller polarimeter was setup 
and calibrated in order to experimentally investigate the polarization properties of the two Karl Storz 
endoscopes, and their properties are found to be equivalent to wave-plates. Additionally, it is 
proposed that some commercial rigid endoscopes without customisation may also be suitable for 
polarimetric imaging. Based on the known polarization properties of the customized Karl Storz 
endoscope, the work was successfully extended to complete 4×4 Mueller polarimetric endoscopic 
imaging based on the rotatable rigid endoscopic sheath. The tissue study by 4×4 Mueller polarimetric 
endoscopic imaging will be a focus at the next stage of this work. 
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Chapter 6  
Summary and Future Outlook 
The work in the thesis focused on the proof-of-concept studies concerning how to conduct 
polarization imaging based around a medical endoscope with minimal alteration. In particular, 
polarised light scattering spectral imaging and Mueller polarimetric imaging were successfully 
integrated into an endoscope represented by a customised Karl Storz laparoscope with accompanying 
validation experiments performed. The aim of the work was to promote the translation of polarisation 
imaging techniques into clinical practice improving tissue sensing and characterisation to benefit the 
whole spectrum of endoscopic investigations and intra-operative guidance in situ during MIS for early 
cancer diagnosis and treatment especially as well as many other conditions. 
The systems constructed in Chapter 4 and Chapter 5 for Mueller polarimetric endoscopic imaging 
consisted of a customised Karl Storz laparoscope that is essentially polarisation maintaining for linear 
polarisations, an endoscope-compatible PSG with mechanically rotating polarisation components 
covering the distal end of the illumination channel of the laparoscope and a PSA without special 
requirements. The systems were validated with standard polarisation components as well as ex vivo 
animal tissue trials. The Mueller matrix images acquired were further decomposed into physically 
meaningful parameters according to the polar decomposition methods allowing for interpreting the 
tissue depolarisation and tissue retardance of the imaged region. The reconstructed depolarisation and 
retardance images of the ex vivo animal tissues showed that these polarimetric endoscopic imaging 
systems can distinguish different tissues based on their composition and structure. Those initial results 
showed the potential of polarisation resolved endoscopy in tissue characterization from the 
perspective of optical polarisation. It is anticipated that these Mueller polarimetric endoscopic 
imaging systems may be applied to detect specific pathologies in vivo in situ. A main challenge for 
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further development and implementation is the acquisition speed of the current systems. In more 
detail, the acquisition time for one Mueller polarimetric image comprises  
 Raw image acquisition time from CCD cameras including the time for clearing the CCD chip, 
exposing the camera to the beam and integrating charges (exposure time) and reading the 
image off of the chip.  
 The modulation time of the PSG.  
 The modulation time of the PSA.  
Constructing one 4×4 Mueller polarimetric image in Chapter 5, for instance, requires at least 16 
raw image acquisitions corresponding to all the necessary PSG and PSA states, 4 modulations of the 
PSG and 16 modulations of the PSA in aggregate. The total time is multiplied as the number of 
wavelength bands of interest increases. When the systems are utilised inside a living patient, it is 
inevitable that various motion artefacts due to respiration and heart beat may arise, accumulate and 
become detrimental. It is therefore highly necessary to accelerate the acquisition process in terms of 
the imaging system design and instrumentation.  
The exposure time accounts for the most dominant portion of the raw image acquisition, and can 
be reduced by increasing the illumination radiance which is the division of the illumination radiant 
flux and the illumination area. The illumination radiant flux is determined by the commercial light 
source employed, and there some room to improve it. Constraining the area of illumination may be a 
compromise to guarantee strong illumination to shorten the exposure time, despite resulting in the 
reduction of the FOV. The employment of high speed cameras can save time in clearing and reading-
out of CCD chips, but may not be very necessary at the next stage.  
In the current proof-of-concept version of the system, the modulation of the PSG and PSA are 
both mechanics-based and are configured in time-sequential modes. The modulation time can be 
significantly reduced by using an electronics-based PSG and a non-time-sequential PSA. An 
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endoscope-compatible electronics-based PSG does not exist yet since it is challenging to miniaturise 
the variable retarders down to several millimetres. Such fast miniaturised PSG based on fibre optics 
will be addressed in the future work. A PSA in a non-time sequential configuration is not difficult to 
make. As mentioned in Chapter2, the emerging polarisation camera with a linear micro-polariser array 
aligned precisely with the CCD array has been commercialised, and is of our interest to analyse four 
linear polarisations in one snapshot to guarantee high speed linear polarisation analysis. 
Furthermore, a Mueller matrix is a complete characterisation of the polarisation properties and 
conveys fruitful information of tissue. However, for some particular types of disease, not all the 16 
elements in the Mueller matrix may be pertinent. It is necessary to ensure that the most meaningful 
diagnostic data is collected so as to simplify the instrumentation and to reduce the minimal number of 
raw images demanded, resulting in the acceleration of the entire acquisition process. Thus the 3×3 
Mueller polarimetry was explored in the thesis which is sufficient to provide most of interesting 
polarisation properties of tissue. The polarised light scattering spectroscopy only taking advantage of 
co-polarised and cross-polarised images is an efficient way to reveal tissue depolarisation when tissue 
does not demonstrate diattenuation and retardance. As reviewed in Chapter 2, it has been indicated 
that linear retardance and depolarisation are useful to discriminate healthy and cancerous regions of 
human cervix [1], so the 3×3 Mueller polarimetry (or potentially other partial Mueller polarimetry 
techniques probing less than nine Mueller matrix elements) should be sufficient. It was reported that 
the cancerous human colon demonstrates abnormal depolarisation property, whereas both healthy and 
cancerous colon tissue shows negligible retardance and diattenuation [2-4]. Therefore, the polarisation 
imaging techniques based on co-polarised and cross-polarised images are sufficient to interrogate 
human colon cancer. The data reduction can also be addressed in the same way during the selection of 
the most interesting wavelength bands for polarisation imaging.  
The polarimetric data reduction should be tissue-type specific. The data collection from various 
tissue experiments for the polarimetric data reduction is of particular significance to make the 
149 
 
technique more practical, and should probably be undertaken by the entire research community of 
tissue polarimetry. It is noticed that distinguishing the redundant polarimetric information could not 
be only based on more ex vivo and in vivo tissue experiments, but also polarisation sensitive Monte 
Carlo simulations. 
A preliminary manual imaging registration was conducted in order to solve the issue caused by 
the translation of the FOV of the system in Chapter 4. Performing image registration to allow the 
alignment of raw images can also alleviate the moving artefacts due to a long acquisition process. 
Image registration is a well-investigated topic in computer vision, and some of the established 
methods can be transferred to polarisation imaging conveniently [5].  
Fast and convenient calibration procedures may also be considered in the future work. The 
calibration for polarimetry is used to correct the systematic errors of the PSG and the PSA matrices. 
According to Eq.2.5.6, the experimental Mueller matrix (Msample)e of the sample containing systematic 
errors is derived as 
1 1
1 1
( ) ( ) ( )
( ) ( ) ( ) ( )
sample e PSA c PSG c
PSA c PSA e sample PSG e PSG c
M M P M
M M M M M
 
 


                           (6.1)
 
P is the matrix of the radiometric measurements. (MPSA)e and (MPSG)e refer to the real PSA and the 
PSG instrumental matrices that deviates from their calibrated values (MPSA)c and (MPSG)c. If two 
matrices, Bias1 and Bias2, are define as 
1
1
1
2
( ) ( )
( ) ( )
PSA c PSA e
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Bias M M
Bias M M




                                                 (6.2) 
Eq.6.1 can be rewritten as 
1 2( )sample e sampleM Bias M Bias                                                (6.3) 
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Eq. 6.1 reveals that if the calibration is not properly conducted, (Msample)e would contain two additional 
bias factors Bias1 and Bias2 to the real Mueller matrix of the sample Msample. Proper calibration ensures 
the deviation of the calibrated PSG and PSA matrices from their real values is small, and then the two 
bias factors would approach identity matrices. Otherwise, assuming that the bias matrices are spatially 
homogeneous over the FOV, the bias factors would be constant matrices, and cannot introduce 
incorrect image contrast on the polarimetric images. Therefore, the calibration process may not be that 
necessary in this case. However, when the bias matrices are not spatially homogeneous but functions 
of pixel locations, a pixel by pixel calibration process over the FOV is of particular significance since 
these spatially varying systematic errors may lead to an incorrect image contrast in the polarimetric 
image that might be misread. The pixel by pixel calibration of a polarimetric imaging system in 
reflection mode is challenging, because most of the calibration samples are based on specular 
reflection of mirrors or ellipsometric surfaces (dichroic retarding dielectric surfaces) resulting in a 
very tiny image of the light source on a small region of the image senor of the polarimetric imaging 
system, which means the calibration for the entire image sensor/FOV would be extremely time 
consuming. This issue is not unique for endoscopic imaging and will be addressed in collaboration 
with other research groups specialising in free space polarimetric imaging. 
In comparison to Mueller polarimetry, the LSS reveals more information in the wavelength 
domain rather than the polarisation domain of light. It requires more consideration in the geometry of 
the optical system so as to use Mie scattering theory to obtain quantitative morphological and 
structural information about tissue. The LSS interrogates the depolarisation spectra of tissue when 
some assumptions were satisfied as discussed in Chapter 3. The main challenges are the acquisition 
time, which is similar to polarimetric imaging, since polarised light scattering spectral imaging 
requires illumination with very narrow band wavelength. The solution is scattering spectral data 
reduction for a specific type of tissue, and employed several lasers to detect LSS in a limited number 
of wavelength bands.  
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The application of optical polarisation resolved endoscopy for tissue imaging is still in its 
infancy. Speeding up the acquisition is a premise to conduct large amounts of trials before the 
adoption in clinical practice and will be the focus at the next stage. It is anticipated to see the 
polarisation resolved endoscopy becomes a modality of choice for routine endoscopic imaging in the 
near future. 
  
152 
 
Reference 
1. A. Pierangelo, A. Nazac, A. Benali, P. Validire, H. Cohen, T. Novikova, B. H. Ibrahim, S. 
Manhas, C. Fallet, M.-R. Antonelli, and A.-D. Martino, "Polarimetric imaging of uterine 
cervix: a case study," Optics Express 21, 14120-14130 (2013). 
2. M.-R. Antonelli, A. Pierangelo, T. Novikova, P. Validire, A. Benali, B. Gayet, and A. De 
Martino, "Mueller matrix imaging of human colon tissue for cancer diagnostics: how Monte 
Carlo modeling can help in the interpretation of experimental data," Opt. Express 18, 10200-
10208 (2010). 
3. A. Pierangelo, A. Benali, M.-R. Antonelli, T. Novikova, P. Validire, B. Gayet, and A. De 
Martino, "Ex-vivo characterization of human colon cancer by Mueller polarimetric imaging," 
Opt. Express 19, 1582-1593 (2011). 
4. A. Pierangelo, S. Manhas, A. Benali, C. Fallet, M.-R. Antonelli, T. Novikova, B. Gayet, P. 
Validire, and A. De Martino, "Ex vivo photometric and polarimetric multilayer 
characterization of human healthy colon by multispectral Mueller imaging," Journal of 
biomedical optics 17, 066009-066001 (2012). 
5. N. T. Clancy, D. Stoyanov, D. R. C. James, A. Di Marco, V. Sauvage, J. Clark, G.-Z. Yang, 
and D. S. Elson, "Multispectral image alignment using a three channel endoscope in vivo 
during minimally invasive surgery," Biomedical Optics Express 3, 2567-2578 (2012). 
 
153 
 
Acknowledgement 
First and foremost I would like to express my sincere gratitude to my supervisor, Dr. Daniel 
Elson for all his guidance and encouragement over the past four years. I am fortunate to be supervised 
by such a kind, wise and dedicated gentleman. I am also grateful to Professor Larry Xiaocong Yuan 
who recommended me to pursue a PhD degree at Imperial College London four years ago. 
There are several colleagues without whom my project would progress slowly including Mohan 
Singh, my good office and lab mate who did not only help me with all the tissue experiments in the 
thesis, but also told jokes to liven up the office and made consistent efforts organising events, Neil 
Clancy, a loyal roommate in hotels every time I was outside the UK for conferences and my comrade 
to do the treasure hunting in biophotonics lab, Lipei Song, a nice sister enlighten me all the details in 
academic research at the beginning of my PhD, Clement Barriere who undertook all the cell culture 
work for experiments, Menglong Ye for his excellent taste in various restaurants all over London, 
Jianyu Lin for the accompany at Tongle Restaurant for dinners, countless snacks from Mary Tziraki 
and yummy cakes from Sophie Tziraki.  
